flwfl 

arm 


US  Army  Corps 
of  Engineers 

Construction  Engineering 
Research  Laboratories 


AD-A266  778 

mn 


* 


USACERL  Technical  Report  FM-92/03 

August  1992 


Vibro-Acoustic  Analysis  of  an  Aircraft 
Maintenance  Dock 

by 

James  Wilcoski 
Louis  Sutherland 


This  report  documents  an  analysis  of  the  effects  of  high-level  acoustic  environments  on  an  Aircraft  Maintenance 
Dock  (AMD)  designed  for  the  U.S.  Air  Force  by  the  U.S.  Army  Corps  of  Engineers.  The  analysis  includes  detailed 
estimation  of  the  maximum  sound  levels  inside  the  facility,  identification  of  facility  components  that  are  potentially 
sensitive  to  high-level  vibro-acoustic  loads,  and  a  summary  of  design  considerations  appropriate  for  this 
environment.  The  high  noise  levels  represent  the  sum  of  direct  sound  pressures  on  the  facility  shell  radiated  by 
internal  noise  sources  and  the  corresponding  reverberant  sound  field  inside  the  facility. 

The  maximum  equivalent  static  pressures  that  would  be  expected  to  produce  the  same  peak  stress  as  the  actual 
acoustic  pressures  inside  the  facility  (including  fatigue  considerations)  range  from  ±32  pounds  per  square  foot  (psf) 
on  the  walls  to  ±27  psf  on  the  roof,  and  an  average  of  ±36  psf  on  the  draft  curtain. 

Dynamic  response  and  fatigue  effects  are  incorporated  into  these  estimated  acoustic  loads.  Dynamic  (g)  load 
factors  for  equipment  components  mounted  on  the  facility  structure  vary  widely  depending  on  location  and 
equipment  weight,  ranging  from  ±1.7  to  ±17  g’s. 

Additional  details  on  vibro-acoustic  design  loads,  including  reaction  loads  on  supporting  structure  due  to  acoustically 
induced  vibration  of  wall  and  roof  panels,  vibration  loads  on  the  heating  and  ventilating  (HV)  system,  and  random 
vibration  test  specifications  for  equipment  mounted  inside  the  AMD,  have  also  been  determined. 

Several  critical  components  of  the  AMD  were  analyzed.  Design  modifications  have  been  recommended  as  a  result 
of  this  analysis  for  this  facility,  including  increases  in  ductwork  thickness,  a  new  ductwork  joint  design,  and  vibration 
isolation  for  ductwork,  exhaust  fans,  pipe  systems,  light  fixtures,  and  wind  truss  supports.  A  summary  of 
recommended  design  practices  to  minimize  potential  structural  damage  or  equipment  malfunction  due  to  the  high 
vibro-acoustic  environments  was  developed. 

Operation  of  the  enclosed  test  equipment  at  higher  levels  was  evaluated.  This  evaluation  resulted  in  a  table  of 
allowable  number  of  cycles  of  operation  to  produce  the  same  impact  on  the  facility  as  the  original  operational 
requirements. 

The  type  of  standard  steel  construction  to  be  employed  for  this  facility,  typical  of  high  bay  test  facilities,  is  not 
normally  exposed  to  the  type  of  intermittent  high  intensity  vibro-acoustic  loading  anticipated  from  the  planned  test 
operations.  However,  if  proper  consideration  is  given  to  the  vibro-acoustic  loads  specified  herein  for  the  design 
of  the  building  shell  and  the  mounting  and/or  qualifications  of  internal  equipment,  the  planned  use  of  the  facility 
should  not  be  significantly  impaired. 
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VIBRO-ACOUSTIC  ANALYSIS  OF  AN  AIRCRAFT  MAINTENANCE  DOCK 


1  INTRODUCTION 


Background 

The  U.S.  Army  Corps  of  Engineers,  Omaha  District,  has  been  tasked  to  design  and  construct 
facilities  for  housing  and  maintaining  critical  assets  of  the  U.S.  Air  Force  at  Whiteman  Air  Force  Base, 
MO.  These  facilities,  known  as  Aircraft  Maintenance  Docks  (AMDs),  are  typically  coastructed  of 
lightweight  metal  frame  and  panel  materials.  The  most  severe  loading  on  these  facilities  typically  results 
from  static  snow  or  equivalent  static  wind  loads.  For  the  AMD  that  is  the  subject  of  this  study,  however, 
the  Air  Force  requires  that  the  aircraft  to  be  housed  and  maintained  in  the  facility  must  be  able  to  taxi  out 
under  their  own  power.  This  means  the  AMD  must  withstand  intermittent  high-intensity  vibro-acoustic 
loads  from  the  aircraft  engines  as  the  vehicle  taxies  out.  Such  operation  will  load  the  facility  with  much 
greater  dynamic  loads  than  normally  encountered  by  this  type  of  lightweight  building.  If  this  loading  were 
to  damage  any  of  the  structural,  nonstructural,  or  auxiliary  systems — or  cause  them  to  fail — the  occupying 
personnel  and  the  aircraft  housed  there  would  be  at  risk.  Because  these  sound  levels  may  damage  the 
structure  or  cause  the  malfunction  of  other  components  in  the  facility,  precautions  must  be  taken  in  the 
design  of  the  secondary  building  structure  and  internal  equipment  mounting. 


Objective 

The  objective  of  this  study  was  to  evaluate  the  vibro-acoustic  environment  acting  on  the  AMD; 
define  the  equivalent  static  and  dynamic  load  factors  for  sensitive  structural  components,  nonstructural 
components,  and  all  auxiliary  systems;  and  recommend  modification  of  design  details  to  ensure  the 
integrity  of  the  components  under  the  prescribed  service  life. 


Approach 

The  following  steps  were  taken  to  accomplish  the  objective: 

1.  The  acoustic  environment  created  in  the  AMD  by  engine  operation  during  taxiing  was 
determined 

2.  The  components  and  equipment  subjected  to  the  vibro-acoustic  loading  were  identified 

3.  The  response  of  the  AMD  to  the  acoustic  environment  in  terms  of  equivalent  static  pressures  and 
dynamic  load  factors  for  each  sensitive  component  was  defined 

4.  Recommendations  were  developed  for  modifications  to  strengthen  or  isolate  components  found 
to  be  inadequately  designed. 

The  report  includes  10  appendixes  containing  data,  analyses,  and  important  supplementary’  reference 
material.  Appendix  A  lists  the  AMD’s  potentially  sensitive  components.  Appendix  B  provides  a  detailed 
discussion  of  the  acoustic  analysis  methodology  employed  to  define  interior  sound  levels.  Appendix  C 
presents  details  of  near-field  and  angle-of-incidcncc  effects  on  the  estimated  AMD  acoustic  loads. 
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Appendix  D  presents  details  of  structural  response  to  wide-band  random  noise.  Appendix  E  presents 
details  of  the  experimental  measurements  and  analysis  of  a  typical  preinsulated  wall  panel.  Appendix  F 
reprints  material  about  fatigue  considerations  from  the  American  Institute  of  Steel  Construction  (A1SC) 
“Specifications  for  Structural  Steel  for  Buildings,”  from  the  AISC  Manual  of  Steel  Construction. 
Appendix  G  presents  details  for  reaction  loads  on  supporting  structures  for  beams  and  plates  subjected  to 
vibration.  Appendix  H  presents  detailed  data  on  vibro-acoustic  loads  on  specific  AMD  elements. 
Appendix  I  presents  equipment  response  calculations.  Appendix  J  presents  the  qualification  of  alternate 
isolators  from  those  recommended  in  Chapter  8. 


Scope 

This  analysis  applies  to  a  specific  AMD  designed  for  the  Air  Force  by  Omaha  District  in  Fiscal  Year 
(FY)  1989.  However,  this  document  is  also  expected  to  provide  valuable  information  for  analyses  of  the 
response  of  similar  structures  subjected  to  the  same  kind  of  vibro-acoustic  environment. 
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2  FACILITY  DESCRIPTION 


The  AMD  consists  of  two  identical  test  bays,  A  and  C  as  illustrated  in  Figure  1,  separated  by  a 
space  of  approximately  90  ft  which  contains  the  support  utility  systems.  Figure  2  schematically  shows 
one  of  the  AMD  high  bay  areas,  identifying  several  major  building  components. 

A  typical  test  bay  is  composed  of  elements  listed  in  the  inventory  of  major  facility  components  in 
Appendix  A.  For  each  item,  the  inventory  lists  quantity  and  weight  (if  known),  the  location,  and  the  sheet 
reference  number  of  the  facility  drawings  from  which  this  information  was  obtained.  Also  shown  in  the 
inventory  is  a  preliminary  indication  of  those  elements  expected  to  be  sensitive  to  the  vibro-acoustic 
environment.  The  following  text  outlines  general  features  of  the  AMD  structure  as  developed  at  an  early 
design  stage,  but  the  details  illustrated  are  not  necessarily  representative  of  final  design. 

As  can  be  seen  in  Figure  2,  the  building  is  composed  of  steel  framing  with  braced  perimeter 
columns  supporting  roof  trusses  that  span  east  and  west.  Parallel  to  the  trusses  are  steel  joists  to  which 
the  steel  roof  decking  is  attached.  The  metal  decking  is  covered  with  thermal  insulation  and  an  ethylene, 
propylene,  diene  monomer  (EPDM)  roofing  membrane  (Figure  3).  The  walls  are  sheathed  with  2  in.  thick 
insulated  panels  that  were  initially  to  be  attached  to  horizontal  steel  girts  by  concealed  clips  and  bolts 
similar  to  those  shown  in  Figure  4.  Subsequent  evaluation  of  the  potential  vibration  sensitivity  of  this 
fastening  concept  has  indicated  the  potential  need  for  a  more  accessible  panel-to-girt  fastener  method.  The 
method  shown  in  Figure  4  represents  one  possibility  of  many  that  are  available.  Figures  5  and  6  show 
details  of  door  and  draft  curtain  design  concepts  that  were  assumed  for  purposes  of  this  report.  All  steel 
members  are  connected  to  each  other  by  welded  and  bolted  connections  not  detailed  in  the  source 
documents,  but  that  can  be  sensitive  to  the  acoustic  environment  and,  therefore,  should  be  designed 
accordingly. 

The  inventory  in  Appendix  A  lists  components  of  the  catwalks  (which  provide  service  access  to  the 
heating  and  ventilating  equipment  located  below  the  roof  on  the  north  and  south  walls),  the  draft  curtains, 
and  the  test  facility  doors.  All  of  these  items  may  be  sensitive  to  the  vibration  environment  at  their 
connections  to  the  supporting  structure. 

The  mechanical  equipment  listed  on  the  last  page  of  Appendix  A  may  be  sensitive  to  the  acoustic 
environment  in  two  ways:  (1)  any  lightweight  panels  that  are  part  of,  or  are  an  enclosure  of,  the 
equipment  itself  must  be  capable  of  withstanding  the  anticipated  high  noise  levels  and  (2)  equipment 
supports  and  support  connectors  are  a  point  of  sensitivity  to  structural  vibrations. 

The  air-handling  units  can  be  designed  to  inherently  resist  acoustic  vibration,  or  they  can  be  shielded 
if  necessary.  Due  to  its  low  surface  weight  and  high  surface  area,  exposed  air  ducts  must  be  carefully 
designed  to  sustain  anticipated  acoustic  loads. 

The  piping  and  electrical  equipment  listed  on  the  last  page  of  Appendix  A  may  also  be  sensitive  to 
vibro-acoustic  loads  in  two  ways.  The  light  fixtures  must  be  designed  for  high  noise  levels,  and  the  piping 
hangers  and  light  fixture  supports  and  support  connectors  must  be  capable  of  carrying  the  vibration  loads 
without  failure  during  periods  of  high  noise.  Similarly,  any  lightweight  electrical  panels  must  be  capable 
of  operating  in  the  high  vibro-acoustic  environment  involved. 

The  construction  contractors  are  responsible  for  the  design  or  improvement  of  many  items  shown 
in  the  inventory  list  that  were  not  specifically  detailed  in  the  preliminary  drawings.  The  contractors  should 
take  into  account  the  additional  dynamic  loads  caused  by  noise.  Design  information  for  these  loads,  in 
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Figure  1.  AMD  Exterior. 
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Roof  Decking  1 1 .  Auxiliary  Power  Unit  Exhaust 
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Figure  3.  Typical  roof  assembly  (preliminary  design  concept). 


18 
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Figure  4.  Typical  wall  assembly  (preliminary  design  concept). 
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Figure  5.  Back  door  (representative  of  preliminary  design  concept). 


Draft  Curtain  Continuous 


Figure  6.  Draft  curtain  (preliminary  design  concept). 


the  form  of  equivalent  static  pressure  (for  external  skin  structure)  or  dynamic  load  factors*  (for 
nonstructural  components)  is  provided  in  Chapters  4  and  7.  Chapter  5  includes  additional  details  about 
the  potential  vibration  sensitivity  of  AMD  equipment.  Chapter  8  provides  vibration  isolation 
recommendations  for  sensitive  building  and  equipment  components. 


*  g  loads. 


3  ACOUSTIC  ANALYSIS 


The  analysis  of  the  internal  acoustic  environment  of  the  AMD  involved  the  following  steps. 

•  An  initial  “quick  look”  to  evaluate  whether  a  model  study  was  critically  needed 

•  Detailed  review  and  evaluation  of  the  acoustic  data  reports  provided  for  the  main  e  Tines  and 
auxiliary  power  units  (APUs) 

•  Development  of  an  approach  to  use  these  data  for  definition  of  the  acoustic  environment  inside 
the  AMD 

•  Application  of  this  approach  to  define  the  environment. 

The  results  obtained  from  each  of  these  steps  are  briefly  summarized  here.  The  vibro-acoustic 
environmental  design  analyses  in  this  study  are  based  on  a  maximum  operating  condition  of  6820 
revolutions  per  minute  (rpm)  for  four  main  engines  and  two  APUs  operating  simultaneously  at 
maintenance  power.  The  6820  rpm  condition  for  the  main  engines  was  the  power  condition  specified  for 
design  purposes  of  this  study.  Limited  information  is  also  provided  on  the  acoustic  environment  for  3215 
rpm  and  8060  rpm  for  the  main  engines. 


“Quick  Look”  at  Noise  Environment  to  Evaluate  the  Need  for  Model  Test 

The  unusual  nature  and  potential  severity  of  the  acoustic  loading  in  the  AMD  suggested  initially  that 
an  acoustic  model  test  might  be  required  to  help  refine  the  environmental  estimates.  However,  after  a 
quick  initial  evaluation,  it  was  decided  that  such  a  test  was  not  required.  This  decision  was  based  on  two 
facts: 


1.  In  the  primary  position  of  the  aircraft,  the  extended  sound  source  associated  with  the  main  engine 
jet  exhaust  will  extend  back  from  the  source  exit  plane  by  20  to  40  ft,  but  it  is  still  expected  to  be 
contained  almost  entirely  within  the  AMD  enclosure.  Thus,  on  the  basis  of  the  data  provided, 
conventional  methods  for  evaluating  the  acoustic  environment  inside  a  reverberant  space  containing  a  noise 
source  were  considered  adequate  for  design  purposes. 

2.  The  initial  evaluation  of  the  data  indicated  that  a  model  test  would  not  be  required  to  refine  the 
estimated  environment.  (Although  subsequent  analysis  indicated  that  the  acoustic  loads  were  higher  than 
initially  expected  on  certain  portions  of  the  AMD,  it  was  still  not  considered  necessary  or  practical  to 
conduct  a  model  test.) 

A  full-scale  acoustic  test  of  the  primary  noise  source(s)  in  a  simulated  AMD  might  be  conducted  at  a  later 
date  if  considered  necessary  to  refine  the  estimated  noise  levels  contained  herein. 


Test  Evaluation  of  Acoustic  Data  Reports 

Acoustic  data  reports  prepared  by  the  manufacturer  were  provided  for  the  two  types  of  noise  sources 
involved.  For  the  primary  noise  source,  the  data  report  was  very  complete  and  thorough,  and  with  one 
exception  it  appeared  to  be  accurate  in  every  detail.  The  exception  was  the  tabulation  of  sound  power 
levels  provided  in  the  test  report.  From  a  casual  examination  of  these  calculated  sound  power  levels, 
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computed  on  the  basis  of  sound  level  measurements  at  a  150  ft  radius,  it  was  very  apparent  that  the 
computed  sound  power  levels  were  in  error,  at  least  at  very  high  frequencies.  Thus  it  was  necessary  to 
repeat  these  calculations  for  all  of  the  source  power  settings  of  interest,  since  the  total  sound  power  levels 
were  a  vital  part  of  the  input  data  needed  to  estimate  AMD  acoustic  loads. 

The  simplified  data  report  provided  for  the  smaller  APUs  was  quite  adequate  since  the  sound  levels 
from  these  sources  are  much  lower  and  will  normally  be  negligible. 


Development  of  Analysis  Approach 

For  the  various  operating  conditions  of  the  acoustic  sources  involved  in  the  AMD,  the  acoustic 
pressures  on  the  AMD  structure  arc  the  sum  of: 

1.  Direct  radiation  from  each  sound  source,  accounting  for  the  effect  of  the  first  reflection  (i.e., 
pressure  doubling)  at  the  interior  surfaces  of  the  AMD  but  not  including  the  reverberant  sound  field,  and 

2.  The  reverberant  sound  field  due  to  the  acoustic  energy  remaining  within  the  AMD  after  the  first 
reflection  of  the  direct  sound. 

The  direct  sound  field  was  determined  from  the  noise  contours  provided  by  the  data  report  on  the  primary 
noise  source  or  calculated  from  the  measured  sound  power  levels  for  the  smaller  auxiliary  power  sound 
source.  For  the  former,  contours  were  available  for  one-third  octave  band  levels  at  octave  frequency 
intervals  from  50  to  6300  Hz. 

The  reverberant  sound  levels  depend  on  the  total  sound  power  generated  by  the  sources  and  the 
acoustic  absorption  at  the  interim  surfaces  of  the  AMD.  The  following  baseline  assumptions  were  made 
for  these  acoustic  absorption  coefficients  to  establish  conservative  acoustic  design  environments. 

Acoustic  Absorption 
Coefficient 
0 
0 

1.0 

Computed  according 
to  ANSI  SI. 26  (1978) 

Limited  analysis  was  also  made  of  the  change  in  interior  levels  for  higher  absorption  coefficients  on  the 
walls  (0.1)  and  roof  (0.1  to  0.8).  For  the  reverberant  sound  field,  the  following  corrections  were  applied 
to  the  calculated  free  (diffuse)  field  levels  to  account  for  the  expected  increase  in  these  sound  levels  at 
the  interior  surfaces:  +3  dB  at  walls,  an  additional  0  to  +3  dB  within  one  wavelength  of  wall-roof  or 
wall-floor  edges,  and  an  additional  +3  to  +6  dB  (for  a  maximum  of  +9  dB)  at  three-way  comers  due  to 
reflection  of  the  diffuse  sound  field  by  the  enclosing  surfaces  (Waterhouse  and  Cook,  1965) 

Initially,  therefore,  the  net  acoustic  levels  were  defined  in  terms  of  one-third  octa\e  1  levels  by 
an  energy  summation  of  the  direct  and  reverberant  sound  fields  at  frequencies  spaced  <-■  viave  apart 
over  a  frequency  range  from  50  to  8000  Hz.  Subsequently,  one-third  octave  band  levels  at  a.  v  id  center 
frequencies  from  1  to  8000  Hz  were  determined  by  interpolation  from  50  to  8000  Hz  and  by  extrapolation 
for  frequencies  from  1  to  40  Hz.  The  extrapolation  of  sound  levels  over  the  lower  frequency  range  was 
quite  reasonable  due  to  the  well-behaved  shape  of  the  noise  spectrum  typical  of  similar  noise  sources. 


Surface 

Floor 

Walls,  Roof 
Open  Doors 

Volume  (Air  Absorption) 
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Appendix  B  provides  a  detailed  discussion  of  the  acoustic  analysis  methodology  employed  to  define 
the  interior  sound  levels. 

Appendix  C  reviews  details  on  potential  near-field  and  angle-of-incidence  effects  on  the  estimated 
AMD  acoustic  loads.  These  second-order  effects  are  shown  to  be  negligible  to  a  first  approximation. 


Results  of  Acoustic  Analysis 

A  detailed  tabulation  of  the  one-third  octave  band  sound  levels  computed  in  this  study  is  given  at 
the  end  of  Appendix  B.  A  summary  of  the  principal  results  is  presented  in  the  following  sections. 

Baseline  Environment  for  Reference  Source  Position 

The  internal  acoustic  environment  varies  over  frequency,  location  on  the  AMD  structure,  source 
positions,  and  source  power  setting.  It  is  neither  practical  nor  desirable  to  consider  all  combinations  of 
these  parameters.  Therefore,  a  design  environment  based  on  a  conservative  envelope  of  maximum  levels 
was  established. 

Consider,  first,  the  variation  in  level  with  the  operating  condition.  Figure  7  shows  the  variation  in 
one-third  octave  band  level  at  a  typical  location  of  maximum  levels  (on  the  center  of  the  back  wall  above 
the  door  opening)  as  the  main  engine  is  changed  from  3215  rpm  to  6820  rpm  to  8060  rpm.  The  operating 
condition  upon  which  this  report  is  based  is  6820  rpm.  An  increase  to  8060  rpm  as  the  design  condition 
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(Note:  source  exit  plane  40  ft  forward  of  rear  door.) 

Figure  7.  Variation  with  rpm  of  primary  source  in  one-third  octave  band  sound  pressure  level  at 
3  ft  above  top  center  of  back  door. 
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would  increase  sound  levels  in  the  structurally  significant  frequency  range  (below  1000  Hz)  by  about  8 
to  12  dB,  for  an  average  increase  in  acoustic  pressure  (and  corresponding  structural  response)  of  a  factor 
of  3.2.  The  increase  in  sound  level  and  the  stress  ratio  relative  to  the  stresses  at  the  baseline  (BL)  of  6820 
rpm  was  calculated  for  several  levels  of  engine  fan  speeds.  These  values  arc  presented  in  Table  H-14. 
Such  an  increase  in  structural  vibration  response  to  the  higher  acoustic  environment  could  lead  to  frequent 
structural  failure  of  secondary  structural  components  (i.e.,  wall  or  ceiling  panels)  or  component/primary 
structure  mounting  points. 

Note  that  in  Figure  7,  the  one-third  octave  band  sound  level  data  points  are  shown  at  octave 
frequency  intervals.  This  is  because  the  direct  sound  field,  which  is  included  in  the  composite  one-third 
octave  band  levels  shown  in  Figure  7,  was  specified  only  at  these  frequency  intervals  in  the  manufacturer’s 
acoustic  test  report. 

The  basic  shape  of  the  frequency  spectrum  in  Figure  7  is  representative  for  all  locations.  Therefore, 
it  is  sufficient  to  examine  the  spatial  variation  in  sound  level  at  only  one  frequency — in  this  case,  200  Hz, 
which  is  the  frequency  of  maximum  one-third  octave  band  levels  for  6820  rpm. 

Figure  8  illustrates  how  the  sound  level  varies  with  position  near  an  edge  formed  by  a  wall/roof  or 
wall/floor  juncture,  or  near  a  three-plane  comer.  The  fine  structure  of  this  variation  is  ignored  from  here 
on,  and  only  the  maximum  increase  at  an  edge  (+3  dB)  and  a  comer  (+6  dB)  is  portrayed. 

Figures  9  and  10  illustrate  the  spatial  variation  in  sound  level  at  200  Hz  over  the  back  wall  (and 
inside  of  stowed  back  door)  and  over  the  middle  section  of  the  roof,  respectively.  In  each  figure,  a  sketch 
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Figure  8. 


Variation  in  one-third  octave  band  sound  pressure  level  at  200  Hz  near  edge  or  corner 
in  AMD  (sources  at  40  ft,  6820  rpm). 
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shows  the  lines  and  coordinate  systems  along  which  the  variation  in  level  is  portrayed.  In  all  cases — in 
these  and  subsequent  figures — the  origin  of  the  x  (lateral  position),  y  (fore  and  aft  position),  and  z  (vertical 
position)  axes  lies  at  the  bottom  left  hand  comer  of  the  back  wall  (as  viewed  from  outside).  For  both  of 
these  figures,  the  main  engines  are  located  at  their  initial  reference  position,  corresponding  to  y  =  40  ft. 

An  extensive  evaluation  of  the  type  of  data  shown  in  these  figures  indicates  that  the  interior  surfaces 
of  the  AMD  may  be  broken  down  into  noise  zones,  as  illustrated  in  Figure  11.  They  are  defined  in  the 
key  to  the  figure.  If  the  separate  noise  zones  were  to  be  employed,  the  front  and  side  walls  of  the  AMD 
structure  would  have  the  same  design  environment  as  the  roof  zone  R3. 

Figure  12  shows  the  average  one-third  octave  band  sound  pressure  levels  for  each  of  these  noise 
zones,  based  on  the  detailed  data  in  Appendix  B  and  on  interpolation  to  obtain  one-third  octave  band 
levels  at  all  frequencies  from  31  to  6300  Hz. 

Variation  in  Baseline  Acoustic  Environment 

These  figures  have  been  based  on  the  main  engines  located  at  their  (initial)  reference  position 
corresponding  to  their  exit  planes  40  ft  forward  of  the  back  wall  (i.e.,  y  =  40  ft).  Figure  13  illustrates  the 
effect  of  a  forward  shift  in  position  of  the  main  engines  on  the  one-third  octave  sound  level  at  200  Hz. 
As  the  main  engine  position  is  shifted  forward,  the  average  direct  field  sound  level  on  the  roof  forward 
of  the  back  wall  will  change  substantially  due  to  the  highly  directional  sound  field  of  the  main  engine  (see 
Figure  B4  in  Appendix  B.)  However,  the  maximum  direct  field  level  at  any  position  on  the  roof  above 
the  source  will  not  change  appreciably  for  a  wide  range  of  source  positions.  Furthermore,  the  reverberant 
sound  level  will  tend  to  remain  constant  until  the  positions  of  the  exit  planes  of  the  main  engines  are  well 
outside  the  AMD.  The  net  result,  illustrated  in  Figure  14,  is  that  the  maximum  composite  sound  level 
(direct  and  reverberant)  along  the  roof  directly  above  the  centerline  of  one  of  the  main  engines  will  be 
nearly  constant  for  a  large  variation  in  the  position  of  the  main  engines.  Thus,  it  is  practical  to  base  the 
acoustic  design  levels  upon  the  maximum  levels  applicable  for  the  reference  source  position  (i.e.,  y  =  40 
ft)  but  to  ignore  the  change  in  levels  in  the  y  direction  for  this  source  position  and  use  the  maximum 
values  over  the  full  fore  and  aft  span  of  the  roof.  Referring  to  the  noise  zones  illustrated  in  Figure  11, 
noise  zone  R1  will  be  retained  as  is,  since  it  involves  the  additional  comer  effects  (e.g.,  total  correction 
of  +6  dB  to  reverberant  sound  levels).  However,  the  levels  in  noise  zone  R2  will  now  be  assumed  to 
apply  across  the  rest  of  the  roof  covering  the  area  with  x  coordinates  of  69  to  1 39  ft  and  y  coordinates 
of  0  to  111  ft.  Outside  this  middle  band,  the  levels  in  noise  zone  R3  will  still  apply. 

Effect  of  Increasing  Surface  Absorption.  The  possibility  of  reducing  the  interior  acoustic 
environment  by  using  acoustically  absorbent  panels  for  the  ceiling  was  briefly  explored.  Figure  15  shows 
the  estimated  change  in  the  one-third  octave  band  sound  pressure  level  spectrum  as  the  interior  acoustic 
absorption  is  changed.  The  baseline  absorption  assumed  no  absoiption  by  the  metal  walls  and  ceiling  (i.e., 
a  =  0).  Increasing  the  absorption  coefficient  a  to  0.1  for  both  the  walls  and  ceiling  decreases  the  sound 
level  at  a  representative  position  near  the  back  center  of  the  roof  by  an  average  of  about  1  dB. 

As  shown  in  Table  1,  if  the  average  absorption  coefficient  on  the  roof  could  be  increased  to  as  much 
as  0.8 — not  very  likely  for  the  low-frequency  range  of  concern  for  structural  loading — the  total  reverberant 
plus  direct  sound  level  at  the  point  near  the  back  center  of  the  roof  illustrated  in  Figure  15  would  decrease 
by  less  than  3  dB.  This  is  because  the  direct  field,  which  is  not  sensitive  to  surface  absorption,  tends  to 
control  the  sound  level  in  this  region  near  the  back  wall.  As  indicated  above,  when  the  source  position 
is  moved  forward,  the  maximum  levels  in  the  middle  third  of  the  roof  structure  and  in  the  draft  curtain 
will  tend  to  be  controlled  by  the  direct  field,  so  that  increasing  the  roof  absorption  (or  adding  acoustic 
absorption  on  any  internal  surfaces,  including  the  walls)  will  not  have  a  marked  effect  on  maximum 
(design)  sound  levels  in  this  middle  portion  of  the  roof 
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Back  Wall 

BW1 

Above  back  door  opening 

BW2 

From  left  side  to  edge  of  back  door  opening 

Roof 

R1 

First  5  ft  of  roof  immediately  in  front  of  door 
(x  =  69-104  ft,  y  =  0-5  ft) 

R2 

Next  15  ft  of  part  of  roof  immediately  in  front  of  door  opening 
(x  =  69-104  ft,  y  =  5-20  ft) 

R3 

Remainder  of  roof 

Back  Door 

D1 

All  except  inner  9  ft  and  lower  6  ft  of  door 

(Inside  Surface) 

D2 

Inner  9  ft  from  6  ft  above  floor  to  top  of  door 

D3 

Lower  6  ft  from  left  to  right  side 

Draft  Curtain 

DC 

All  portions  cf  draft  curtain 

Figure  11.  Potential  specific  noise  zones  for  interior  surfaces  of  the  AMD. 


OCTAVE  BAND  LEVEL ,  dB  re:  20/iPa  ONE-THIRD  OCTAVE  BAND  LEVEL,  dB  re;  20/uPa 


ONE-THIRD  OCTAVE  BAND  LEVEL  dB  re:  20/iPa  ONE-THIRD  OCTAVE  BAND  LEVEL  dB  re:  20/xPa 


31  63  125  250  500  1000  2000  40 00  8000 


ONE-THIRD  OCTAVE  BAND  FREQUENCY,  Hr 


31  63  125  250  500  1000  2000  4000  8*000 


ONE-THIRD  OCTAVE  BAND  FREQUENCY,  Hz 

Figure  12.  (Cont’d) 
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Figure  13.  Change  in  one-third  octave  band  sound  level  at  200  Hz  along  roof  centerline  for 
change  in  forward  direction  of  main  engine  (at  6820  rpm). 
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Figure  14.  Variation  in  sound  level  at  200  Hz  due  to  change  in  position  of  source.  (Sound  level 
along  line  on  roof  directly  over  one  pair  of  sources;  all  four  operating  at  6820  rpm.) 
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(Note:  x  =  103.7  ft,  y  =  5  ft,  sources  at  40  ft,  6820  rpm.) 

Figure  15.  Effect  of  increasing  absorption  on  one-third  octave  band  sound  pressure  level  near 
back  center  of  roof. 


Tabic  1 

Change  in  Total  One-Third  Octave  Band  Reverberant  Pius  Direct  Sound  Level 
at  200  Hz  as  Absorption  Coefficient  (a)  for  Roof  is  Increased 

Absorption  Coefficients 


a(roof) 

0 

0.1 

0.1 

0.2 

0.5 

0.8 

a(walls) 

A 

0 

0.1 

0.1 

0.1 

0.1 

Lrfroof)* 

138.8 

138.1 

137.6 

137.2 

136.3 

135.8 

AL  re  (a=0) 

0 

-0.7 

-1.2 

-1.6 

-2.5 

-3.0 

U“ 

136.8 

135.6 

134.7 

133.8 

131.5 

129.7 

AL  re  (a=0) 

0 

-1.2 

-2.1 

-3.0 

-5.3 

-7.1 

Note:  Figures  apply  to  roof  centerline  5  ft  forward  of  back  wall  and  other  areas  where  reverberant  field  dominates. 
Composite  reverberant  plus  direct  field  sound  level  at  roof  centerline  5  ft  forward  of  back  wall,  in  dB. 
Reverberant  field  sound  level  on  side,  front  walls  or  outer  areas  of  roof,  back  door,  in  dB  (see  text). 
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However,  as  indicated  in  the  table,  for  surfaces  where  the  reverberant  sound  field  is  dominant,  i.e., 
the  front  and  side  walls  and  outer  two-thirds  of  the  roof  (x  =  0  to  69  fit  and  139  to  208  ft)  and  outer 
portions  of  the  back  wall  (x  =  0  to  34  ft  and  174  to  208  ft),  increasing  the  roof  absorption  coefficient  will 
decrease  the  reverberant  sound  levels  substantially  in  these  areas.  It  is  not  possible  at  this  point  to 
establish  the  cost  tradeoff  involved  in  this  option.  The  cost  of  adding  absorption  to  the  roof  structure  is 
definable.  Initial  estimates  are  that  acoustically  absorbent  ceiling  panels  would  cost  approximately  30 
percent  more  than  the  currently  proposed  design  illustrated  in  Figure  3.  (An  entirely  different  option  for 
increasing  interior  absorption  would  be  to  hang  light  volume-absorber  panels  from  the  existing  ceiling.) 
However,  any  potential  cost  benefit  of  decreasing  acoustic  loads  on  portions  of  the  interior  AMD  structure 
where  reverberant  sound  levels  dominate,  by  increasing  interior  acoustic  absorption,  cannot  be  defined 
until  the  cost  implications  of  the  acoustic  loads  (developed  in  Chapter  4)  have  been  evaluated. 

Environment  When  Operating  APUs  Only  With  Doors  Qosed.  A  potential  use  for  the  AMD  could 
involve  operating  only  the  APUs  with  the  facility  doors  closed.  In  this  case,  it  is  no  longer  reasonable 
to  assume  a  value  of  0  for  the  interior  absorption  coefficient  for  the  walls  and  roof.  Figure  16  shows  the 
reverberant  field  sound  levels  for  three  assumed  interior  absorption  conditions  with  only  the  APUs 
operating  at  maintenance  power.  Also  shown  for  comparison  are  the  basic  design  levels  on  the  draft 
curtain  with  all  sources  operating. 

Clearly  the  noise  levels  with  only  the  APUs  on  are  well  below  the  design  conditions,  so  structural 
effects  would  not  be  of  concern  while  they  are  operating. 
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(Note:  a  =  doors  closed,  minimum  absorption,  b  =  doors  open,  minimum  absorption,  c  =  doors  closed, 
maximum  absorption  on  roof;  baseline  is  for  sources  at  40  ft,  6820  rpm.) 


Figure  16,  Sound  levels  on  back,  center  of  draft  curtain  with  only  auxiliary  power  sources 
operating  for  different  values  of  absorption. 
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The  primary  constraint  would  be  the  limitations  on  hearing  damage  risk  criteria  for  maintenance 
personnel  as  specified  in  Air  Force  Regulation  (AFR)  161-35.  This  regulation  specifies  allowable  working 
time  in  an  8-hour  day  as  a  function  of  A-weighted  sound  level  (U.S.  Air  Force  1976).  An  A-weighted 
sound  level  is  the  overall  sound  level  with  low  frequency  levels  attenuated  (i.e.,  weighted)  to  correspond 
approximately  to  the  human  response  to  noise.  The  change  in  reverberant  field  A-weighted  noise  levels 
to  which  personnel  would  be  exposed  is  compared  in  Table  2  for  the  exposure  times  allowed  by  AFR 
161-35. 

Clearly,  extensive  use  of  this  mode  of  operation  would  indicate  the  need  to  consider  increasing  the 
interior  absorption.  Note,  however,  that  even  with  the  highest  reasonable  estimate  of  absorption  (a  =  0.8 
for  walls  and  roof  and  1.0  for  open  doors),  the  interior  reverberant  sound  level  with  only  the  APUs 
operating  is  high  enough  to  limit  exposure  time  to  just  over  1  hour  per  day  for  maintenance  personnel 
inside  a  high  bay  part  of  the  AMD.  In  all  cases,  of  course,  such  personnel  would  have  to  wear  hearing 
protection  (U.S.  Air  Force  1976). 


Acoustic  Design  Hnvironincnt 

A  review  of  the  average  composite  (reverberant  plus  direct)  sound  levels  for  the  various  noise  zones 
shown  in  Figure  1!  indicates  that  the  actual  range  in  levels  is  relatively  smali  (Figure  17).  Thus, 
regardless  of  the  potential  noise  zoning  suggested  earlier  in  Figure  11,  it  is  considered  reasonable  design 
practice  simply  to  use  the  upper  bound  of  this  range  as  the  acoustic  design  environment  throughout  the 
AMD.  The  spread  in  average  sound  levels  illustrated  in  Figure  17  (about  ±  1 .8  dB)  corresponds  to  a  range 
in  acoustic  pressures  of  only  ±  23  percent.  This  is  believed  to  be  too  small  a  range  to  justify,  at  this  point, 
establishing  location-dependent  design  values  for  the  acoustic  design  environments.  Note  that  since 
Figures  12  and  17  arc  based  on  average  values  over  the  various  noise  zones,  the  design  envelope  indicated 


Tabic  2 

Allowable  Personnel  Exposure  Time  Tor  a  Range  of  Absorption  Coefficients  for  AMD 
with  Auxiliary  Power  Sources  Operating  at  Maintenance  Power 


Allowed 

— Absorption  Coefficients .  k(r{,verb  >  Exposure 

Roof  Walls  Doors  dB(A)  Time 'Day* 


0.8  “ 

0.8 

1.0  *” 

95.3 

68  nun 

0.8 

0.02 

1.0  “* 

99.0 

36  min 

0.8 

0.02 

0.02 

101.3 

24  nun 

0.02 

0.02 

1.0  * 

104.6 

14  nun 

0.1  ’ 

0.1 

0.1 

106.2 

10  min 

0.02  * 

0.02 

0.02 

110.0 

5  ruin 

According  lo  AFR  161-35 

(t  =  0.8  for  major  acoustic  absorption  treatment 

*** 

Doors  open 

!  (t  =  0.1  for  light  treatment 
1  (t  =  0.02  for  no  treatment 
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31  63  123  230  300  1000  20CJ  4000  8000 

ONE -THIRO  OCTAVE  BAND  FREQUENCY,  Hz 


(Note:  x  =  103.7  ft,  y  =  5  ft,  sources  at  40  ft,  6820  rpm.) 

Figure  17.  Effect  of  increasing  interior  absorption  on  one-third  octave  band  sound  pressure  level 
near  back  center  of  roof. 


in  Figure  17  docs  not  represent  the  highest  potential  levels  that  will  occur  at  two-  and  thrcc-plane  edges 
and  comers.  However,  this  is  not  considered  a  problem  since  the  structural  rigidity  of  the  AMD  wall  and 
roof  panels  will  be  highest  at  these  junctures  and,  therefore,  most  resistant  to  acoustic  loads. 

For  reference  purposes,  the  acoustic  design  environment  for  the  AMD  corresponding  to  the  upper 
line  in  Figure  17  is  listed  in  Table  3.  Values  arc  estimated  by  extrapolation  down  to  a  frequency  of  1  Hz. 


Table  3 


Acoustic  Design  Environment  for  AMD  (One-Third  Octave  band 
Sound  Pressure  Levels) 
dB  re:  20p.Pa 


Frequency  Sound  pressure  Lj,  Frequency  Sound  pressure  L^* 


Hz 

dB 

Hz 

dB 

1 

92.0 

125 

136.9 

1.2 

94.0 

160 

138.6 

1.6 

96.0 

200 

140.3 

2 

98.0 

750 

139.5 

2.5 

100.0 

315 

138.7 

3.2 

102.0 

400 

137.9 

4 

104.0 

500 

136.5 

5 

106.0 

630 

135.3 

6.3 

108.0 

800 

134.0 

8 

110.0 

1000 

132.6 

10 

112.0 

1250 

131.2 

12 

114.4 

1600 

129.8 

16 

116.9 

2000 

128.2 

20 

119.2 

2500 

126.5 

25 

121.2 

3150 

124.8 

31 

123.9 

4000 

122.8 

40 

126.1 

5000 

120.8 

50 

128.4 

6300 

119.2 

63 

130.7 

80 

133.0 

100 

135.2 

root  mean 

square  (rms)  acoustic  pressure,  in  pounds  per  square  foot  (psf) 

=  (2117)  x  10(Lb-,94^° 
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4  VIBRO-ACOUSTIC  RESPONSE  TO  THE  AMD  ACOUSTIC  ENVIRONMENT 


The  acoustic  environment  described  in  the  previous  chapter  will  result  in  significant  structural 
vibration  of  the  AMD  shell  structure,  and  in  the  corresponding  vibro-acoustic  response  of  equipment  inside 
and  attached  to  the  AMD.  It  should  be  noted  that  this  analysis  considers  only  structure  and 
structure -mounted  equipment  within  the  high  bay  areas  of  the  AMD.  Potential  excessive  vibro-acoustic 
response  of  vibration-sensitive  portable  equipment  brought  into  these  areas  and  used  during  operation  of 
the  main  engines  may  require  separate  consideration. 

Vibro-acoustic  response  is  considered  here  in  three  forms:  (1)  acoustically  equivalent  static  pressure 
loads  on  secondary  wall,  roof,  and  door  panels  of  the  AMD  shell  and  lightweight  equipment  covers,  (2) 
vibration  (seismic)  load  factors  for  design  of  mounting  structure  for  internal  mechanical,  electrical,  and 
hydraulic  equipment,  and  (3)  vibration  or  acoustic  test  environment  specifications  that  may  be  required 
in  procurement  specifications  for  equipment  that  cannot  be  preselected  to  be  assuredly  capable  of 
withstanding  the  vibro-acoustic  environment  arising  from  normal  operations  in  the  AMD. 

Before  defining  these  various  design  environments,  it  is  desirable  to  briefly  review  the  basis  for  their 
development. 


Development  of  Vibro-Acoustic  Design  Environments 

The  secondary  skin  structure  elements  of  the  AMD  and  lightweight  enclosures  of  AMD  equipment 
share  one  common  characteristic  that  is  the  primary  cause  of  the  acoustically  induced  vibration  response: 
their  large  surface  area  in  combination  with  low  surface  weight. 

The  basic  principles  involved  in  the  vibro-acoustic  response  of  such  structures  are  illustrated 
conceptually  in  Figure  18.  When  a  panel  is  driven  by  a  sinusoidal  oscillating  pressure  load  (i.e.,  pure 
tone),  such  as  that  generated  by  an  acoustic  wave  striking  the  panel,  the  panel  surface  deflects  in  nearly 
the  same  manner  as  for  a  static  (nonoscillating)  pressure  load,  except  the  deflection  is  oscillatory.  When 
the  frequency  of  oscillation  is  very  low — well  below  the  first  resonance  frequency  of  the  panel — the  peak 
magnitude  of  the  panel  deflection  is,  in  fact,  essentially  equal  to  that  induced  by  a  static  pressure  load  with 
the  same  peak  pressure.  This  is  illustrated  by  the  graph  in  Figure  18  where  the  frequency  approaches  zero. 
However,  as  the  frequency  of  the  oscillating  (acoustic)  pressure  wave  increases,  the  panel  deflection  for 
the  same  peak  pressure  input  increases  and  reaches  a  maximum  value  equal  to  the  dynamic  magnification 
factor  (Q)  multiplied  by  the  static  pressure  response.  The  dynamic  magnification  factor  is  the  ratio  of  the 
response  at  resonance  to  the  static  response  of  a  resonant  system. 

Thus,  the  panel  deflection,  X(f>,  at  any  frequency  f,  can  be  expressed  with  a  simplified  model,  as: 

X(0  =  R(0  x  P(0  x  A/K  lE<) 


where  R(f) 

P(0 

A 

K 


the  dynamic  deflection  response  function  of  the  panel  to  a  unit  sinusoidal  pressure 
at  frequency  f 

the  effective  pressure,  in  psi,  at  frequency  f 
the  panel  area,  in  sq  in. 
the  panel  stiffness,  in  lb/in. 
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Figure  18.  Conceptual  illustration  of  resonant  vibration  response  of  plate  to  uniform  oscillating 
acoustic  pressure. 
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The  panel  acceleration  response,  a(f),  in  g’s  at  any  sinusoidal  frequency  f,  can  be  defined  from  Eq  1  using 
two  basic  relationships  for  vibration: 


a(f)=^xX(0 

g 


=  (27tf)2X. 


X(0 


lEq 


and 


Kg 


o 


2k  \ 


w 


where 


f0  =  panel  resonance  frequency,  in  Hz 
g  =  acceleration  of  gravity  (386  in/sec2) 
W  =  panel  weight,  in  lb 
oo  =  frequency,  in  rad/sec  =  2rcf 
X(f)  =  displacement  (in.)  at  frequency  f. 


Thus,  it  is  convenient  to  define  a  nondimensional  vibro-acoustic  acceleration  response  parameter  called 
the  specific  acoustic  mobility,  expressed  as  MSA(f),  to  predict  the  acceleration  response  of  a  panel  to 
acoustic  excitation.  In  other  words,  the  panel  acceleration  response  at  any  frequency  f  can  be  expressed 

as: 


a(0 


MSA(f)x 


P(f) 


w 


[Eq  3] 


where  w  =  W/A,  the  panel  surface  weight,  in  psi 
and 


Msa(0  =  R(D(-i)2 


If  the  acoustic  excitation  were  sinusoidal  (i.e.,  contained  only  one  frequency)  and  uniform  over  the  panel 
surface,  the  function  MSA(f)  would  have  the  dimensionless  value  Q  at  the  panel  resonance  frequency  f0. 
For  the  type  of  random,  wideband  acoustic  excitation  of  a  panel  that  will  occur  in  the  AMD,  the  value 
of  Msa  is  more  complex,  as  discussed  in  detail  in  Appendix  D. 

In  the  simplest  case,  for  excitation  of  a  simply  supported  panel  by  a  normally  incident  plane  wave  . 
(i.e.,  when  the  direct  sound  field  arrives  along  a  line  at  90  degrees  to  the  panel  surface),  or  for  excitation 
by  a  reverberant  sound  field  for  which  the  acoustic  wavelength  is  much  longer  than  the  average  panel 
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length  or  width,  the  root  mean  square  (rms)  acceleration  response,  averaged  over  the  panel  surface,  is 
given  by  (see  Eq  D12,  Appendix  D): 


a(f)  =  1.06Pb(f)-^H,  g's  IEcl 

w 

where  equals  the  rms  sound  pressure  in  the  one-third  octave  band  centered  on  the  panel  resonance 
frequency  (fj. 

For  a  simply  supported  panel,  the  maximum  rms  acceleration  occurs  at  the  panel  center,  and  is  four 
times  the  space-averaged  rms  value  given  by  Eq  4.  However,  the  latter  is  considered  a  practical  value 
for  use  in  estimating  average  acceleration  design  environments. 

Values  for  specific  acoustic  mobility,  MSA(f)>  can  be  derived  analytically  as  is  done  in  Appendix  D. 
Fortunately,  however,  validating  experimental  data  on  the  vibro-acoustic  response  of  large,  lightweight 
industrial  walls  are  also  available  from  a  unique  series  of  acoustic  tests  conducted  in  1968  for  National 
Aeronautics  and  Space  Administration  (NASA).  These  tests  involved  exposure  of  the  outside  surface  of 
several  different  variations  on  a  basic  corrugated  steel  industrial  wall.  The  tests  were  designed  to  evaluate 
ground  structure  sensitivity  to  noise  near  rocket  test  and  launch  sites;  the  fact  that  the  outside  surface 
rather  than  the  inside  was  the  one  exposed  to  the  sound  is  not  significant.  Two  test  walls  were  tested 
simultaneously  in  one  large  opening  of  Wyle’s  100,000  cubic  feet  acoustic  reverberation  test  chamber,  as 
illustrated  in  Figure  19.  Each  test  wall  measured  20  ft  wide  by  18  ft  high,  and  was  supported  on  6.5  Z 
2.9  or  2.9  Z  3.3  steel  girts  spaced  4.5  ft  apart,  designed  to  carry  wind  loads  of  10  or  20  pounds  per  square 
foo*.  (psf)  respectively.  Each  wall  unit,  consisting  of  seven  3  ft  wide  26-gage  galvanized  corrugated  steel 
panels,  was  supported  top  and  bottom  by  an  eave  strut  and  base  angle  respectively,  which  were  connected 
by  vertical  sag  rods.  Some  of  the  walls  were  lined  with  fiberglass  batts  loosely  fastened  on  the  inside. 
The  panels  were  fastened  to  the  girts  and  to  each  other  with  three  different  types  of  fasteners,  varying 
from  sheet  metal  screws  to  blind  rivets. 

The  sound  levels  involved  in  this  test  varied  from  an  overall  sound  pressure  level  of  139  dB  to  153 
dB  re:  20pPa.  However,  the  noise  spectrum  peaked  at  a  lower  frequency  than  for  the  AMD  environment 
so  that  the  range  of  test  levels  equaled  or  exceed  ‘d  the  AMD  design  environment  in  Figure  17  only  for 
frequencies  below  150  Hz.  Some  failures  of  panel  fasteners,  such  as  those  illustrated  in  Figure  20, 
occurred  after  10  minutes  of  exposure  to  the  highest  test  level  of  153  dB,  or  after  about  3  hours  of 
exposure  to  test  levels  of  143  dB  (Sutherland  1968,  Appendix  A).  However,  the  most  pertinent  results 
from  this  test  are  not  the  observed  fastener  failures  (since  neither  the  panel  design  nor  the  test  sound  levels 
are  representative  for  the  AMD)  but  the  data  on  the  vibration  response  for  validation  of  a  prediction 
model. 

Figure  21  shows  the  values  of  the  MSA(f)  =  a(f)w/P(f)  derived  from  the  measurements  of  acceleration 
response  on  the  center  of  the  panels  (Figure  21a),  and  the  center  of  the  girts  (Figure  21b).  In  both  cases, 
the  acceleration  response  and  pressure  spectra  were  measured  in  the  same  narrow  frequency  band.  The 
abscissa  scale  for  each  figure  is  a  relative  scale  equal  to  the  frequency  normalized  by  the  fundamental 
resonance  frequency  of  the  wall  panels.  As  indicated  in  Figure  21,  the  values  for  MSA  are  lower  for  the 
panels  lined  with  fiberglass  insulation,  due  to  the  added  damping  effect  (and  consequent  decrease  in  Q) 
of  the  insulation.  However,  the  general  trend  of  these  data  is  consistent  with  theoretical  predictions  and 
helps  to  support  the  detailed  multimodal  model  outlined  in  Appendix  D.  MSA(f)  increases  rapidly  with 
frequency  from  just  below  the  fundamental  resonance  frequency  and  then,  for  the  measurements  on  the 
panel,  tends  to  flatten  out  with  frequency  as  the  response  in  higher  modes  is  included.  For  a  typical  value 
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(Source:  SuiherUrsd  19Ms,  Appendix  A.) 

Figure  19.  Industrial  wall  sample  mounted  in  test  opening  of  YVyle  100,000  cu  ft 
reverberation  facility. 


(Source:  Sutherland  !'*PX,  Appendix  A  i 

Figure  20.  Typical  failures  of  steel  panel  in  Figure  18  near  panel-to-girt  fastener. 
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(a) 


(b) 


f  _  Frequency _ 

fj  j  Fundamental  Frequency 


(Source:  Sutherland  1968,  Appendix  A.) 

Figure  21.  Normalized  acceleration  response  of  26  gage  corrugated  steel  industrial  wall: 

fa)  Response  measured  on  panel  between  girts  (b)  Response  measured  on  girts. 


42 

i 


of  Q  of  about  10,  applying  Eq  4  and  including  the  increase  by  a  factor  of  four  for  the  maximum  response 
in  the  center  of  the  panel,  the  predicted  value  of  \1SA  is  about  13.4,  which  is  very  close  to  the  upper  bound 
of  the  data  in  Figure  21a.  For  Figure  21b,  the  value  of  MSA  has  a  more  complex  behavior,  reflecting  the 
reduced  response  of  the  girts  at  frequencies  just  above  the  fundamental  frequency. 


Equivalent  Static  Pressure  Loads  for  AMD  Acoustic  Environment 

An  equivalent  static  pressure  load  can  be  determined  which  produces  the  same  peak  stress  response 
as  that  produced  by  the  actual  dynamic  load  created  by  the  acoustic  environment.  Two  different 
approaches  arc  used  here.  The  first,  used  for  wall  panels,  is  based  in  part  on  experimental  data  for 
prototypes  of  these  panels.  The  second  method,  used  for  the  other  structural  elements,  is  semi-empirical 
but  based  on  sound  physical  principles. 

Fuiun aleni  Shitii  Pressures  for  Mali  Ponds 

For  wall  panels,  experimental  vibration  response  data  (reviewed  in  Appendix  E)  were  available  from 
a  dynamic  vibration  test  of  a  sample  preinsulated  panel  similar  to  the  type  under  consideration  for  the 
AMD.  The  panel  tested  was  an  11.  H.  Robertson  Co.  type  S30-2.00  26/26  sandwich  panel  2  in.  thick  with 
26  gage  outer  skins  of  galvanized  steel.  Similar  wall  panels,  available  from  several  manufacturers,  but 
with  24  gage  skins,  arc  proposed  for  the  AMD  according  to  preliminary  Corps  of  Engineers  design 
specifications. 


The  key  results  obtained  from  this  test,  graphed  in  Figure  E2  of  Appendix  E.  were: 

•  Fundamental  resonance  frequency  (fj  =  30  Hz 

•  Dynamic  magnification  factor  (Q)  =  25  for  the  fundamental  1.0  mode,  and  an  rms  average  of 
15.0  for  all  higher  modes. 

The  observed  resonance  frequency  was  in  close  agreement  with  a  value  predicted  from  the  effective 
stiffness  of  the  panel  based  on  the  manufacturer's  specifications  for  the  allowed  static  (wind)  load.  This 
analysis  made  it  possible  to  reliably  predict  the  resonance  frequency  of  the  other  wall  panels  planned  for 
use  in  die  AMD.  A  summary  of  the  results  follows. 

Analysis  of  Wall  Panel  Characteristics,  Table  4  summarizes  the  analysis  made  of  the  basic  static 
and  dynamic  characteristics  of  tire  test  wall  panel  and  the  anticipated  7.5  ft  span  panel  design  for  the 
AMD. 


The  value  of  effective  stiffness  of  a  homogeneous  beam  that  has  the  same  maximum  deflection 
(1./1XO)  specified  by  maximum  allowable  static  load  (Ps)  was  calculated  as 


P 

(ED  „  =  POOL  ' x a x _ L 

c'!  3X4 


I  Fq  5| 


The  effective  spring  rate  was  calculated  as  the  ratio  of  static  pressure  to  maximum  deflection. 


Table  4 


Summary  of  Wall  Panel  Characteristics 


Parameter 

linits 

Test 

Panel 

AMD  Panel 

Width,  a 

in. 

30 

30 

Length,  L 

in. 

72 

90 

Outer  skin  area,  A 

sq  in. 

2160 

2700 

Skin  gage 

26 

24 

Skin  thickness 

in. 

0.0179 

0.0239 

Total  panel  thickness 

in. 

2.0 

2.0 

Weight,  W 

lb 

33.2 

52.1  (Est.) 

Allowable  deflection 

in. 

0.40 

0.50 

Design  wind  load,  Ps 

psi 

0.403 

0.298 

psf 

58.0 

42.9 

Effective  stiffness,  (EI)eff 

lb  in2 

8.14xl06 

15.3xl06 

Effective  spring  rate 

pst/in 

NA 

0.596 

Resonance  frequency,  f0 

Predicted 

Hz 

29.8 

19.6 

Measured 

31 

N/A 

The  resonance  frequency  (fQ)  for  the  panel  as  a  beam  was  calculated  as 


f  =  (___) 

O  v  T7  i 

2L2  N 


(EDeffXL 


W 


[Eq  6) 


As  the  last  entry  in  Table  4  shows,  there  was  good  agreement  between  the  measured  and  predicted 
resonance  frequency  of  the  test  panel.  The  predicted  resonance  frequency  was  based  on  the  allowable 
static  pressure  load  on  the  panels  to  limit  the  maximum  deflection  to  1/1 80th  of  the  span.  Thus,  based 
on  this  validated  model,  the  fundamental  frequency  of  the  AMD  design  wall  panel  is  expected  to  be 
approximately  20  Hz.  The  second  entry  from  the  bottom  in  Table  4  provides  the  key  parameter — the 
spring  rate — needed  to  establish  an  effective  static  pressure  load  for  the  panel.  All  that  remains,  then,  is 
to  estimate  the  maximum  deflection  of  the  actual  wall  panel  for  the  acoustic  environment  iaside  the  AMD. 

Estimated  RMS  Vibro-Acoustic  Response  of  Wall  Panels.  Eq  D1 1  (Appendix  D)  provides  a  general 
expression  (or  the  space  average  rms  acceleration  a(fm  n)  for  the  m.nth  mode  of  a  panel  under  excitation 
by  a  random  acoustic  noise.  Given  this  rms  acceleration  (in  g’s),  Eq  2  can  be  used  to  find  the 
corresponding  space  average  rms  displacement  X(fmn)  at  this  frequency,  fmn.  The  total  space  average 


44 


rms  displacement  (XJ  over  all  modes  is  then  simply  equal  to  the  square  root  of  the  sum  of  the  mean 
square  displacements,  or: 


The  results  of  carrying  out  this  analysis  for  the  wall  panels,  using  the  acoustic  design  environment 
described  in  Table  3  and  Eq  Dll,  D13,  D14,  and  D15  (Appendix  D)  are  illustrated  in  Figure  22  by  the 
envelope  of  the  mean  square  displacement  response  as  a  function  of  frequency.  For  this  analysis,  it  was 
necessary  to  assume  that  the  wall  panels  behaved  as  simply  supported  panels,  but  with  the  first  mode  at 
19.6  Hz  and  the  lowest  modes  corresponding  to  those  for  a  simply  supported  (short-edge)  and  free  (long- 
edge)  plate  acting  as  a  beam  included  to  approximate  the  complex  modal  behavior  of  the  wall  panel 
indicated  by  the  data  in  Appendix  E.  Using  Eq  7,  the  total  spatial  maximum  rms  displacement  for  the 
response  spectrum  in  Figure  22  was  found  to  be  0.138  in. 


FREQUENCY,  Hz 


(Note:  each  point  on  the  figure  is  the  estimated  rms  deflection  response  at  the 
center  of  the  panel  for  just  one  vibration  mode.) 

Figure  22.  Frequency  spectrum  of  estimated  spatial  maximum  deflection  response  for  all  modes 
at  center  of  AMD  wall  panels  (below  1000  Hz)  subjected  to  environment  in  Table  3. 
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Adjustments  to  RMS  Response  to  Define  Effective  Static  Load.  Three  adjustments  must  be  made 
to  this  spatial  maximum  rms  displacement  in  order  to  establish  an  effective  maximum  displacement  to 
apply  to  the  determination  of  an  effective  static  load.  These  are: 

1 .  Correction  to  account  for  the  difference  between  the  rms  and  peak  value  of  the  random  response 

2.  Correction  to  account  for  the  long-term  fatigue  effects  of  this  response 

3.  Correction  to  account  for  the  difference  between  the  spatial  average  response  and  the  spatial 
maximum  response. 

Strictly  speaking,  the  first  two  factors  should  be  considered  together  because  they  are  interrelated. 
However,  they  will  be  considered  separately  at  this  point  for  purposes  of  discussion. 

Correction  for  Random  Peaks.  The  acoustic  pressure  driving  the  wall  panels  is  a  random  noise 
which  has  a  statistical  distribution  of  peak  pressures  described  by  a  Rayleigh  distribution.  As  explained 
in  Appendix  D,  to  define  the  peak  response  that  will  not  be  exceeded  more  than  10  percent  of  the  time, 
the  rms  response  must  be  multiplied  by  a  factor  (Fp)  of  2.15. 

This  is  a  reasonable  first  approximation  to  account  for  the  peak  distribution  of  the  random  response. 
If  a  different  probability  of  peak  exceedance  were  desired,  the  factor  would  vary  as  follows  (see  Eq  D21 
in  Appendix  D): 

Probability  of  Exceedance:  %  20  10  5  2.5  1 

Fp  1.79  2.15  2.45  2.72  3.03 

Correction  for  Fatigue  Effects.  The  fatigue  effects  due  to  repetition  of  the  acoustic  loading  require 
some  consideration  of  the  potential  duty  cycles  for  operation  of  the  AMD.  The  following  estimates  were 
provided  to  Wyle  Research  for  preliminary  design  purposes: 

Main  engines  -  4000  operations 

Duration  at  6820  rpm  -  7-15  seconds  per  operation 

Duration  at  idle  rpm  -  200-600  seconds  per  operation 

APUs  -  5000  hours  of  operation 

For  fatigue  considerations,  only  operations  at  6820  rpm  for  the  main  engines  are  expected  to  contribute 
to  any  potential  vibration- fatiquc-induccd  damage  or  malfunction  of  AMD  structure  or  equipment.  For 
the  wall  panels  with  a  fundamental  resonance  frequency  of  about  20  Hz,  the  maximum  number  of  stress 
cycles  for  these  operations  would  be  4000  x  15  x  20,  which  equals  1.2  x  106  cycles,  or  about  1  million 

cycles. 

The  vibro-acoustic  respoascs  of  the  AMD  systems  for  the  lower  (idle  or  auxiliary  power)  conditions 
arc  expected  to  be  well  below  the  fatigue  limit  of  AMD  structure  and  equipment.  The  fatigue  limit  is  the 
vibratory  stress  level  which  can  be  endured  indefinitely.  This  is  illustrated  in  Figure  23  along  with  a 
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N  -  Cycles  to  Failure  (Leg  Scale) 


Figure  23.  Evaluation  of  fatigue  damage  under  random  loading,  at  stress  levels  above 
fatigue  limits. 

conceptual  illustration  of  how  fatigue  under  random  loading  can  be  evaluated  using  Miner’s  Rule  (Miner 
1945).  This  rule  can  be  stated  as: 


EA  |B!81 

i  Nj 


where 

Nt  =  the  total  number  of  stress  cycles  of  varying  stress  level. 

Pj  =  the  probability  of  the  ith  stress  level  occurring 

Nj  =  the  fatigue  life  (number  of  life  cycles)  at  the  ith  stress  level. 

The  general  validity  of  this  rule  is  limited  by  the  following  necessary,  but  potentially  oversimplifying, 
assumptions  (Richards  and  Mead  1968): 

•  No  effect  on  fatigue  life  is  accounted  for  as  a  result  of  the  sequence  of  varying  stresses 

•  No  fatigue  damage  occurs  for  stress  levels  below  the  fatigue  limit — the  stress  ’°vel  sustainable 
for  an  infinite  number  of  cycles 
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•  Superposition  of  static  tension  or  compression  loads  on  top  of  the  vibratory  loads  may  be 
important  but  cannot  be  assessed. 

Regardless  of  these  limitations.  Miner’s  Rule  provides  a  reasonable  engineering  basis  for  evaluating  fatigue 
at  random  stress  levels. 

In  effect,  the  model  states  that  fatigue  failure  will  occur  after  a  total  of  NT  cycles  if  the  sum  of  the 
fractions  of  fatigue  life  used  up  at  each  (ith)  stress  level  adds  up  to  one.  Each  fractional  fatigue  life  is 
simply  equal  to  the  ratio  of  the  number  of  stress  cycles  (PjNT)  occurring  at  a  given  stress  level  to  the 
actual  fatigue  life  (Nj)  at  this  stress  level. 

A  precise  evaluation  of  the  fatigue  life  under  random  loading  requires  that  an  S/N  (stress/fatigue  life 
cycles)  curve  be  available  for  the  material  in  question.  In  the  absence  of  such  specific  data  on  the  wall 
panels,  the  experimental  fatigue  data  on  mild  steel  for  sinusoidal  and  random  loading  shown  in  Figure  24 
and  the  generic  fatigue  data  on  steel  for  sinusoidal  loading  shown  in  Figure  25  are  used  for  guidance. 
Comparing  the  sinusoidal  and  random  fatigue  life  data  in  Figure  24,  it  can  be  shown  that  for 
approximately  the  same  peak  stress  (equal  to  1.4  times  the  rms  sinusoidal  stress  and  2.15  times  the  rms 
random  stress,  corresponding  to  10  percent  exceedance  peaks),  the  two  experimental  sets  of  data  become 
very  similar.  From  Figure  25,  for  1.2  million  cycles  of  sinusoidal  loading,  the  average  ratio  of  (peak) 
stress  at  failure  to  ultimate  strength  is  about  0.56.  If  the  yield  strength  is  assumed  to  be  about  75  percent 
of  the  ultimate  strength  for  the  wall  panel  material,  then  the  ratio  of  peak  sinusoidal  stress  at  failure  to 
the  yield  strength  would  be  about  0.55/0.75  or  about  0.75.  Thus,  for  design  purposes,  the  static  pressure 
corresponding  to  the  rms  displacement  (or  rms  stress)  in  the  wall  panels  will  be  increased  by  a  factor  of 


(Note:  notched  test-pieces  K,=  l.5.  Push-putl  testing  with  zero  mean  load.) 

(Source:  Richards  and  Mead  1968.  Reprinted  by  permission  of  John  Wiley  and  Sons,  Ltd.) 

Figure  24.  .Sinusoidal  and  random  S/N  curves  in  mild  steel. 
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(Adapted  from  data  in  Upson  and  Juvinall  1963  and  Cummings  1960. 
Reproduced  with  the  permission  of  Macmillan  Publishing  Company,  Inc.) 

Figure  25.  Fatigue  damage  for  steel-sinusoidal  loading. 


2.15  to  account  for  peaks  of  the  random  loading  and  further  increased  by  1/0.75  to  account  for  the 
reduction  in  loading  necessary  to  account  for  fatigue  effects.  This  procedure  is  necessarily  approximate 
but  is  considered  a  reasonable  engineering  approach  in  the  absence  of  fatigue  data  for  wall  panel 
specimens  under  actual  or  simulated  acoustic  loading.  The  influence  of  fatigue  effects  for  alternative 
power  settings  for  the  main  engine  is  considered  further  in  Appendix  H. 

Correction  for  Maximum  Response  Instead  of  Space  Average.  The  overall  maximum  displacement 
for  the  wall  panels  under  acoustic  loading  is  shown  to  occur  at  frequencies  near  the  fundamental  frequency 
at  about  20  Hz  (Figure  22).  However,  the  maximum  displacement  can  only  be  approximated  from  the 
rms  value.  Exact  phase  relationships,  which  influence  peak  responses,  are  not  retained  in  Eq  7  to  compute 
the  overall  rms  response  from  the  sum  of  the  responses  in  each  mode.  For  design  purposes,  it  will  be 
assumed  that  the  spatial  maximum  rms  displacement  response  of  the  panel  (0.13  in.)  will  be  four  times 
the  spatial  average  mis  value. 

Summary  of  Computation  of  Equivalent  Static  Pressures  for  Wall  Panels.  The  equivalent  static 
pressure  load  for  the  wall  panels  is  computed  as  follows: 

1.  For  the  acoustic  design  levels  in  Figure  17,  the  spatial  maximum  rms  displacement  is  0.13  in. 
(rounded  to  2  significant  figures) 

2.  The  ratio  of  static  pressure  load  to  displacement  for  this  panel  is  0.596  psi/in  (sec  “Analysis  of 
Wall  Panel  Characteristics”  earlier  in  this  chapter) 
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3.  The  nominal  static  pressure  (Ps)  corresponding  to  this  rms  displacement  is  0.596  psi/in.  x  0.13 

in.,  or  0.0775  psi  (it.2  psf) 

4.  Applying  the  peak-to-rms  and  fatigue  correction  factors,  the  design  equivalent  static  pressure 

(Pseq)  >s: 

Pseq  =  ps  x  2-!5  x  (1/.75) 

Pseq  =  32  psf,  the  design  value. 

Note  that  this  equivalent  static  pressure  load  must  be  applied  as  either  a  positive  or  negative  static 
pressure. 

By  designing  the  panel  and  attachment  hardware  to  support  this  equivalent  static  load,  in 
combination  with  any  other  time-coincident  load(s),  the  wall  panels  should  be  able  to  withstand  the 
internal  acoustic  design  environment  of  the  AMD.  Note  that  no  stress  concentration  factors  or  des:gn 
margins  have  been  included  in  the  above  equivalent  acoustic  load.  Although  there  is  already  a 
considerable  degree  of  conservatism  built  into  this  number,  the  structural  designer  should  take  into 
consideration  standard  structural  design  codes  for  alternating  fatigue  loads  represented  by  the  type  of 
equivalent  alternating  static  pressures  specified  above.  Appendix  F  provides  an  extract  from  the  AISC 
Manual  of  Steel  Construction  “Specification  for  Structural  Steel  for  Buildings”  (AISC  1980).  This 
appendix  contains  the  section  on  fatigue  design,  and  includes  recommended  maximum  ranges  in 
fluctuating  fatigue  stresses  to  be  considered  in  conjunction  with  basic  allowable  stresses  ordinarily 
considered  in  building  design. 

This  technical  report  does  not,  and  cannot,  provide  detailed  specifications  for  structural  design  that 
supersede  standard  building  design  codes.  The  latter  must  obviously  take  precedence.  However,  the 
unique  nature  of  high-intensity  acoustic  loads  on  the  type  of  lightweight  building  construction  planned  for 
the  AMD  shell  dictates  the  need  to  give  careful  consideration  to  the  guidance  provided  herein  in  order  to 
avoid  recurring  fatigue  problems  with  secondary  structure  or  equipment  malfunction  problems  due  to 
vibro-acoustic  response.  Such  problems,  if  allowed  to  occur,  could  at  the  very  least  increase  building 
maintenance  and  operation  costs  significantly.  At  worst,  these  problems  could  cause  significant  damage 
to  the  test  systems  used  inside  the  AMD. 

Equivalent  Static  Pressures  Jor  Other  AMD  Structural  Panels 

Supplemental  test  data  were  not  available  for  any  of  the  other  structural  elements  considered 
potentially  sust~phble  to  acoustic  loading.  The  elements  in  this  category  arc: 

•  Roof  panels 

•  Inside  surface  of  back  door 

•  Draft  curtain 

•  Enclosures  for  major  mechanical  equipment  such  as  the  heating  and  ventilating  (HV)  system 

•  HV  ducts. 

Equivalent  static  pressure  loads  for  each  of  these  secondary  structure  or  equipment  elements  are  considered 
in  this  section.  The  method  used  to  estimate  these  static  pressure  loads  is  slightly  different  from  the  one 
described  above.  Instead  of  relating  static  pressure  to  displacement,  the  more  general  relationship 
developed  in  the  section  “Equivalent  Static  Pressure”  (Appendix  D)  is  used.  This  method  relates  the  rms 
dynamic  stress  to  the  spatial  maximum  rms  velocity  of  the  panel  and  then,  after  again  accounting  for 


50 


random  peaks  and  fatigue  effects,  an  equivalent  static  pressure  is  defined  which  should  produce 
approximately  the  same  peak  stress.  The  key  steps  in  this  process  may  be  summarized  as  follows: 

1.  For  each  panel  mode,  find  the  spatial  average  rms  acceleration  response  3(fmn)  using  Eq  Dll 
(Appendix  D) 

2.  Compute  the  spatial  average  rms  velocity  v(fmn)  for  each  mode,  i.e.,  v(fmn)  =  a(fmn)-g/2rcfmn 

3.  Compute  the  maximum  rms  stress  o(fmn)max  in  each  mode  using  Eq  D17  (Appendix  D),  being 
sure  to  account  for  the  difference  between  the  spatial  average  and  spatial  maximum  velocity 
response 

4.  Compute  the  overall  maximum  rms  stress  amax  as  the  square  root  of  the  sum  of  the  squares  of 
the  mean  square  spatial  maximum  stresses  in  each  mode 

5.  Using  Eq  D35  (Appendix  D),  define  the  equivalent  static  pressure  (Ps)  that  produces  the  same 
peak  stress,  taking  into  account  the  random  peaks  of  the  excitation  and  fatigue  effects. 

For  the  draft  curtain,  an  additional  refinement  was  necessary  to  define  the  effective  static  pressure.  This 
refinement  is  needed  to  account  for  the  fact  that  for  loading  by  the  reverberant  field,  the  effective  acoustic 
pressure  on  the  draft  curtain  approaches  zero  in  the  limit  as  frequency  approaches  zero.  This  is  br .  - 
as  frequency  approaches  zero,  the  phase  difference  between  the  pressure  on  both  sides  of  the  draft  cunam 
approaches  zero.  This  phenomenon  can  be  accounted  for  in  the  following  manner.  The  net  rms 
differential  acoustic  pressure  (AP)  in  the  reverberant  sound  across  the  draft  curtain  is: 


l[P^P2iZ  =  &  P  \J  1  -C(Ax) 


[Eq  9] 


where 

Pi,P2  =  reverberant  field  acoustic  pressures  on  each  side  of  the  draft  curtain  that  have  the 
same  rms  magnitude  (P) 

C(Ax)  =  space  correlation  coefficient  in  the  reverberant  field  (Waterhouse  1955,  pp  247-258) 
equal  to: 

sin(2rcAxf/c) 

(2?tAxf/c) 


Ax  =  the  length  of  the  path  from  the  middle  of  one  side  to  the  middle  of  the  other  side  of 
the  draft  curtain  which  is  nominally  equal  to  its  height,  in  ft 

f  =  frequency,  in  Hz 

c  =  speed  of  sound  (1117  ft/sec). 

For  the  draft  curtain,  with  Ax  =  14  ft,  for  frequencies  greater  than  about  30  Hz  the  space  correlation 
coefficient  C(Ax)  approaches  zero  and  the  net  acoustic  design  load  on  the  draft  curtain  is  41  percent 
greater  than  on  wall  or  ceiling  panels.  Conversely,  for  frequencies  below  30  Hz,  the  net  acoustic  load 
reduces  to  zero  since  the  correlation  coefficient  C(Ax)  approaches  unity  as  frequency  approaches  zero. 
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This  correction  for  the  draft  curtain  acoustic  load  is  accomplished  by  multiplying  the  rms  modal 
response  to  the  reverberant  acoustic  field  at  each  frequency  by: 


v/2[l-C(AX)] 

However,  it  must  be  emphasized  that  this  acoustic  load  for  the  draft  curtain  is  a  conservative  value  since 
it  would  occur  only  for  a  few  seconds  during  the  time  the  test  system  moves  forward  towards  the  front 
door. 


Table  5  summarizes  the  results  of  these  calculations  of  equivalent  static  pressures  for  the  different 
types  of  structure  defined  at  the  beginning  of  this  section.  The  fundamental  resonance  frequencies  for  the 
corrugated  roof  and  draft  curtain  panels  were  estimated  by  assuming  that  these  nonhomogeneous  structures 
could  be  treated  as  equivalent  beams  given  available  data  on  their  bending  stiffness  (El).  For  the  back 
door  panels  and  HV  enclosure  equipment,  simply  supported  panels  were  assumed  and  resonance 
frequencies  calculated  from  standard  equations  for  such  structures.  Tabulations  of  the  detailed  calculations 
involved  in  completing  Table  5  are  given  in  Appendix  H.  Note  that  in  all  cases,  these  equivalent  static 
pressures  are  to  be  applied  in  each  direction  normal  to  the  applicable  surface. 


Table  5 

Summary  of  Equivalent  Static  Pressure  for  Design  of  Lightweight  Structural  Elements 
on  AMD  Subjected  to  Acoustic  Design  Environments  in  Table  3 


Estimated  Estimated 


Element 

Maximum  Deflection 
rms  Peak 

In.  In. 

Maximum 
rms  Velocity 

In^sec 

Equivalent 
Static  Press.' 
psf 

Wall  Panels 

0.13 

0.38 

19 

±32  ** 

Roof  Panels*** 

0.13 

0.36 

5.7 

±27 

Inside  Back  Door*-*** 

0.12 

0.33 

9.2 

±7.8 

Draft  Curtain*-***’1* 

0.075 

0.22 

15 

±34 

HV  Equipment  2tl*** 

Enclosure 

0.183 

0.52 

13.3 

±7.5 

Note:  design  power  condition  for  main  engine  is  6820  rpm. 


Includes  factor  of  2.15  for  random  peaks  plus  1/0.75  to  allow  for  fatigue  effects.  No  stress  concentration  factors  included. 
The  same  equivalent  static  pressure  load  should  be  applied  to  the  personnel  doors  that  penetrate  the  AMD  walls. 

***  For  more  details,  see  the  section  “Additional  Details  from  Studies  of  Vibro-Acoustic  Loads  on  Specific  AMD  Elements” 
in  this  chapter  and  Appendix  H, 

For  typical  24  x  72  in.  frame  spacing,  16  gage  skin. 

*  For  average  13  ft  length,  18  gage  panel. 

1  *  Design  acoustic  loads  on  draft  curtain  are  transitory  and  strictly  applicable  only  for  a  few  seconds  during  forward  movement 
of  the  test  system. 

2+  For  18  gage  2  x  4  ft  panel  braced  with  1  in.  angle. 
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Vibration  Loads  for  Design  of  AMD  Equipment  and  Mounting  Structure 

Vibration  loads  for  AMD  equipment  and  mounting  structures  are  defined,  in  this  section,  in  terms 
of  (1)  vibration  load  factors  (i.e.,  g-loads)  to  be  applied  to  the  design  of  any  structure-mounted  AMD 
equipment  and  its  mounting  attachment,  and  (2)  reaction  loads  on  secondary  framing  structure  due  to 
vibration  of  wall  or  roof  panels.  In  all  cases,  these  loads  are  bidirectional — applied  in  both  directions 
along  any  one  axis. 


At  the  end  of  this  section,  results  of  more  detailed  studies  are  summarized  for: 

•  Roof  structure  and  roof-mounted  equipment  (page  57) 

•  Draft  curtain  (page  59) 

•  HV  system  (page  59). 

The  foundation  for  methods  of  computing  the  vibration  loads  for  design  of  AMD  equipment  and  mounting 
structure  has  been  laid  in  the  previous  section.  The  starting  point  for  the  calculations  was  the 
determination  of  the  acceleration  response  of  the  various  types  of  structural  walls  or  roof  panels. 
However,  the  response  levels  for  individual  panels,  for  example,  do  not  accurately  represent  the  reduced 
acceleration  levels  at  the  panel  boundaries  (i.e.,  girts,  bars,  joists,  etc.).  The  vibration  loads  on  structural 
elements  that  support  the  AMD’s  external  skin  structure  and  serve  as  the  mounting  points  for  internal 
equipment  are  lower,  as  explained  later. 

Vibration  Load  Factors 

Two  basic  modifications  to  the  preceding  calculations  provide  a  reasonable  basis  for  establishing 
the  desired  load  factors.  First  the  spatial  average  response  levels  are  computed  instead  of  the  spatial 
maximum  response  levels.  Second,  the  surface  weight  parameter  used  in  the  response  equations  (see 
Appendix  D)  now  includes  the  added  weight  of  the  support  structure  distributed  over  the  surface  of  the 
acoustically  loaded  structure  in  question.  Thus,  the  space  average  acceleration  levels  for  the  wall  structure 
are  based  on  the  total  average  weight  of  the  entire  wall  system,  panels  plus  girts  and  columns  distributed 
over  the  surface.  This  is  a  rough,  but  reasonable  and  generally  conservative,  approximation  for  estimating 
vibration  load  factors  for  equipment  mounting  points. 

Finally,  a  third  modification  serves  to  further  reduce  the  acceleration  levels  and  corresponding 
vibration  (seismic)  load  factors.  This  modification  stems  from  the  inherent  reduction  in  vibration  levels 
when  mass-loading  effects  of  heavy  equipment  mounted  on  the  building  frame  structure  are  accounted  for. 

It  should  be  pointed  out  that  more  sophisticated  methods  might  have  been  used  for  this  pan  of  the 
analysis.  These  include  (1)  the  Statistical  Energy  Analysis  (SEA)  method  (Lyon  1975;  Crcmer  1973), 
useful  for  evaluating  vibration  energy  How  through  a  structure,  and  (2)  classical  finite  element  methods. 
However,  finite  element  methods  were  not  considered  well  suited  for  predicting  environmental  vibration 
at  frequencies  well  above  the  lowest  vibration  modes  of  the  AMD  building  frame.  The  SEA  method 
would  have  been  more  useful  for  this  study,  but  its  successful  application  requires  knowledge  (or 
reasonable  estimates)  of  structural  vibration  transmission  across  many  different  types  of  joints  as  well  as 
estimates  of  structural  damping  factors.  Since  this  type  of  information  was  not  well  defined  for  the  AMD, 
the  accuracy  of  the  method  was  expected  to  be  limited  for  application  to  this  program. 

Summary  of  Vibration  Load  Factors.  Figure  26  shows  the  estimated  acceleration  response  spectrum 
at  wall  mounting  points  based  on  application  of  the  concepts  outlined  above.  Note  how  this  figure 
compares  to  the  displacement  response  spectrum  for  the  wall  panels  alone  shown  in  Figure  22.  Based  on 
this  type  of  analysis,  it  is  possible  to  estimate  vibration  load  factors  for  several  basic  types  of  mounting 
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FREQUENCY,  H* 

(Note:  each  point  is  the  estimated  space  average  rms  acceleration  in  one  vibration  mode  of  the  wall  panels 
for  Q  of  25  in  the  first  1,0  mode,  and  15  for  all  higher  modes.) 

Figure  26.  Envelope  of  estimated  average  modal  acceleration  levels  on  wall  panels  of  AMD 
exposed  to  acoustic  design  environment  in  Table  3. 

locations  in  the  AMD.  The  results  of  these  calculations  are  summarized  in  Part  (a)  of  Table  6.  The 
detailed  calculations  are  presented  in  Appendix  H. 

Note  that  the  vibration  load  factors  in  Table  6  do  not  include  any  allowance  for  fatigue  failures  of 
the  mounted  equipment  or  of  the  mounting  hardware.  It  is  assumed  that  the  equipment  or  structural  design 
will  account  for  potential  fatigue  effects  when  final  stress  design  or  test  specifications  are  established  for 
each  item. 

Also,  as  indicated  by  a  footnote  in  Table  6,  the  specified  load  factors  apply  to  vibration  loads  in  a 
direction  normal  to  the  plane  of  the  panel  surface  in  question.  For  an  estimate  of  in-plane  vibration  loads, 
the  tabulated  values  should  be  multiplied  by  0.5. 

Mass-Loading  Effects.  The  baseline  load  factors  given  in  Table  6  do  not  take  into  account  the 
reduction  in  vibration  response  due  to  mass  loading.  The  trend  illustrated  in  Figure  27  can  be  used  to 
estimate  this  reduction.  The  abscissa  is  the  total  weight  (WJ  of  ail  the  equipment  mounted  on  the 
structure.  The  parameter  on  the  three  curves  is  the  total  effective  weight  (Wro)  of  the  basic  structure  on 
which  the  equipment  is  mounted.  The  relative  vibration  load  factor  is  given  by  the  ratio  Wm/(We  Wm). 
The  values  of  Wm  defined  in  Table  6  are  developed  in  detail  in  Appendix  H  for  the  typical  primary  and 
secondary  structural  elements  listed  in  the  table.  The  effective  weight  (Wm)  of  the  mounting  structure 
represents  the  dynamically  effective  weight  of  a  vibrating  beam,  which  is  50  percent  of  the  true  weight. 
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Table  6 


Summary  of  Dynamic  Response  Loads  for  Design  of  AMD 
Supporting  Structures  or  Attachment  Hardware 


(a)  Vibration  (Seismic)  Load  Factors 


Mounting  Location - 

Wm,  Effective 
Weight  of 
Mounting 
Structures,  lb 

Baseline 
Vibration 
Design*  Load 
Factor** 

Walls 

On  Wall  Panel 

26 

(2.5  x  7.5  ft) 

(per  panel) 

17 

On  Girt,  Back  Wall*** 

715 

8 

On  Girt,  Side  & 

Front  Wall  f 

505 

8 

On  Columns,  Back  Wall  * 

5035 

5.4 

On  Columns,  Side  & 

Front  Walls  * 

4265 

5.4 

Roof 

On  Roof  Panel/Bar 

520 

5.2 

Joist  Section 

(per  section) 

On  Roof  Truss  * 

5017 

3.1 

Back 

On  Door  Panes  (16  gage) 

5.4* 

Door 

On  Frame  Joints  (2x6  ft) 

5.4* 

Draft 

On  Draft  Curtain 

Curtain 

Panel  (18  gage) 

300 

21* 

On  Bottom  Channel 

(W16  x  45) 

1260 

5.0 

On  Roof  Girders 

5300 

2.8 

(Note:  subjected  to  acoustic  design  environment  in  Table  3  with  main  engines  at  6820  rpm.) 

Applicable  without  change  in  direction  perpendicular  to  surface  when  equipment  weight,  We,  is  less  than  10  percent 
of  weight,  Wm,  of  mounting  structure.  For  heavier  equipment,  reduce  baseline  load  factor  by  Wm  /(We+Wm). 

Load  factors  in  direction  normal  to  plane  of  surface  (i.e.,  wall,  roof,  etc.).  For  m-plane  vibration  loads,  multiply  factors 
by  0.5. 

Average  effective  weights  for  girts  on  back  wall  varying  from  W10  x  33  to  W10  x  39.  (See  Table  H3  in  Appendix  H.) 

Average  effective  weights  for  girts  on  side  wall  (W8  x  21)  and  front  wall  (W8  x  18). 

*  Average  for  columns  varying  from  W12  x  53  on  front  and  side  walls  to  W12  x  65  on  back  wall. 

1  f  Average  values  per  roof  truss  section.  See  Tables  H6  and  H7  for  detailed  breakdown  of  values  for  baseline  load  factors 

and  Wm  respectively  for  each  section  of  roof  truss  structure. 

*  No  allowance  is  made  for  reduction  in  load  factor  due  to  mass  loading  since  only  very  light  components  should  be 
mounted  on  the  door  surface  and  only  if  necessary. 

*  For  average  section  of  draft  curtain  between  column  lines  or  trusses. 
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Table  6  (Cont’d) 


(b)  Vibration  Reaction  Loads  for  Secondary  Structural  Connection  Due  to  Acoustic  Loading 


Joint 

Vertical 

Surfaces 

Perpendicular 

to 

Surface 

Co-Planar  with  Surface 

Up 

Down 

Horizontal 

Wall  Panel/Girt 

±610*' 

±160* 

-440 

±303" 

Girt/Column 

±1235** 

0 

-1300 

±176 

Rear  Door  Panel/ 

Frame 

±14  lb/ft" 

- 

- 

±7  lb/ft 

Draft  Curtain  Panel/ 
Truss 

±207  lb/ft 

+83  lb/ft"' 

-124  lb/ft*** 

±104  lb/ft 

Co-Planar  with  Surface 

Perpendicular 
to  Surface 

Horizontal  Surfaces 

Up 

Down 

Horizontal 

Roof  Deck/Bar/Joist 

+25  lb /ft" 

-610  lb/ft** 

±160  lb/ft‘* 

Bar  Joist/Roof/Truss 

+310** 

-7610** 

±1980** 

For  vibration  reaction  loads  on  HV  duct  joints  see  Tables  10  and  21. 

Reaction  load  increased  for  stress  concentration,  by  factor  of  3.5. 

**  Vertical  reaction  loads  on  draft  curtain  =  ±1/2  (reaction  load  perpendicular  to  surface)  -1/2  (surface  weight)(average  height). 


For  example,  for  a  1000  lb  equipment  item  mounted  on  a  column  on  the  back  wall,  the  relative 
change  in  vibration  load  factor  from  the  baseline  value  in  Table  6  for  the  unloaded  structure  would  be 
5035/(5035+1000),  or  0.83;  this  is  a  17  percent  reduction  in  load  factor  due  to  mass  loading. 

Vibration  Reaction  Loads 

In  some  cases  two  different  methods  were  used  io  develop  reaction  loads  at  various  structural  joints 
or  connections  of  secondary  structures  to  account  for  acoustically  induced  vibration. 

The  first  method  is  based  on  Appendix  G,  which  addresses  the  topic  of  reaction  loads  at  support 
points  of  beams  or  plates  subject  to  various  types  of  vibratory  loads.  As  shown  by  the  expressions  in 
Appendix  G,  reaction  loads  at  beam  and  panel  support  points  tend  to  decrease  with  mode  number. 

The  second  method  estimated  a  vibration  reaction  load  as  the  product  of  the  effective  weight  of  a 
structure  (Wm)  times  the  vibration  load  factor  in  Table  6.  This  estimated  total  vibration  reaction  load 
would  then  be  distributed  over  the  number  or  length  of  the  structural  joints  involved.  The  higher  of  the 
two  estimates  of  reaction  load,  which  were  usually  quite  close,  was  used  for  design. 

Part  (b)  of  Table  6  presents  a  summary  of  the  vibration  reaction  loads  estimated  for  the  major 
structural  joints  in  the  AMD  that  would  be  subject  to  significant  vibration  loads.  Reaction  loads  in  the 
vertical  direction  are  defined  for  the  up  and  down  direction  taking  into  account  the  inherent  - 1  g  download 
due  to  gravity. 
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We  /  Wm,  EQUIPMENT  WEIGHT  /  EFFECTIVE  STRUCTURAL  WEIGHT 


Figure  27.  Decrease  in  baseline  load  factors  in  Table  5  for  wall-mounted  equipment. 


Vibration  reaction  loads  in  directions  parallel  to,  or  co-planar  with,  a  basic  vibrating  surface  such 
as  a  wall  panel  or  roof  deck  are  taken  as  50  percent  of  the  basic  value  in  the  direction  perpendicular  to 
the  surface. 

Additional  Details  From  Studies  of  Vibro- Acoustic  Loads  on  Specific  AMD  Elements 

Principal  results  of  the  detailed  studies  of  vibro-acoustic  loads  on  AMD  structural  elements  have 
been  provided  in  Table  6  (a)  and  (b).  Additional  details  from  the  analyses  carried  out  in  Appendix  H  may 
be  summarized  as  follows. 

Roof  Structure  and  Roof-Mounted  Equipment.  Vibro-acoustic  loads  on  the  roof  deck  for  alternative 
bar  joist  configurations,  summarized  in  Table  H4  (Appendix  H)  are  presented  for  reference  here  as  Table 
7.  The  fundamental  frequency  (fj)  for  the  roof  deck/bar  joist  system  in  Table  7  is  expressed  by  the 
following  equation: 


ft  - 


2x144xL2\|  PAeff 


El 


»  (PA)eff =wTOT  x 


12x386 


[Eq  10] 


where  L  =  is  the  bar  joist  span,  in  feet 

E  =  is  the  modulus  of  elasticity,  in  psi 
I  =  is  the  bar  joist  movement  of  inertia,  in  in.4 
b  =  bar  joist  spacing  in  feet  =  5.7  ft 
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Table  7 


Roof  Vlbro-Acoustfc  Loads  for  Alternative  Bar  Joists 


Bar 

Joist 

Span(L) 

ft 

I 

in4 

W/L 

ib/rt 

- 1 — 

WBJ 

psf 

- n — 

wROOF 

psf 

- n* — 

wTOT 

psf 

~F 

Hz 

LF 

g 

P. 

psf 

R/bt 

Ib/ft 

8K1 

8 

6.6 

5.1 

0.89 

5.9 

6.79 

26.2 

4.52 

63.4 

447 

14K6 

25 

70 

7.7 

1.35 

5.9 

7.25 

8.47 

5.34 

23.4 

384 

16K4 

25 

78.4 

7.0 

1.23 

5.9 

7.13 

9.04 

5.37 

24.9 

389 

16K5 

25 

88 

7.5 

1.32 

5.9 

7.22 

9.51 

5.23 

26.1 

394 

16K6 

25 

95.6 

8.1 

1.42 

5.9 

7.32 

9.85 

5.15 

27.0 

397 

16K7 

25 

106 

8.6 

1.51 

5.9 

7.41 

10.31 

5.04 

29.7 

406 

16K9 

25 

125 

10.0 

1.75 

5.9 

7.65 

11.0 

4.86 

31.6 

413 

22K5 

25 

172 

8.8 

1.54 

5.9 

7.44 

13.1 

4.85 

36.9 

425 

Average  surface  density  of  bar  joist  over  average  spacing  of  5.7  ft. 

**  Surface  density  of  roofing  (steel  deck,  2.2  psf)  +  (insulation  +  EPDM,  3.5  psf)  +  (fire  protection  piping,  0.2  psf)  =  5.9  psf. 
wBJ  +  wROOF. 

f  Reaction  load  per  foot  width  (b)  of  roof  panel. 


This  analysis  shows  that  the  vibration  load  factors  (LF)  and  the  reaction  load  (R/b)  on  the  roof  are 
not  very  sensitive  to  selection  of  the  bar  joists.  However,  the  equivalent  static  pressure  (Ps)  varies 
significantly  with  the  choice  of  bar  joist. 

The  average  load  factors  for  roof-mounted  equipment  shown  in  Table  6  are  for  vibration  only.  A 
more  complete  definition  of  the  baseline  load  factors  for  roof-mounted  equipment  including  the  effect  of 
dead  load,  is  specified  in  Table  8. 

It  is  important  to  recognize  that  mass  loading  only  reduces  the  vibratory  portion  of  these  load 
factors.  Thus,  for  a  250  lb  weight  supported  on  one  bar  joist,  the  corrected  total  load  factor  (using  Wm 
=  520  lb  from  Table  6)  would  be  the  following: 

Vibration  LF  =  ±  5.2  x  520/(250+520)  =  ±  3.5  g 

Dead  Load  =  -  1  g 

Total  Load  Factor  Up  =  +  2.5  g 

Down  =  -  4.5  g 

Pipe  Hanger  Vibration  Load  Factors.  A  more  detailed  analysis  was  also  carried  out  of  vibration 
loads  for  pipe  hangers  hung  from  bar  joists  (Appendix  H).  One  method  employed  in  the  analysis  used 
a  combined  lumped  parameter  mechanical  mobility  model  for  a  mass-spring  equivalent  to  the  roof 
deck/bar  joist  system  and  a  distributed  mechanical  mobility  model  for  the  supported  pipe  system.  The 
result  of  this  analysis  indicates  that  the  pipe  hanger  vibration  load  factor  would  reduce  from  a  baseline 
value  of  ±5.15  g  (the  actual  value  before  rounding  to  a  value  of  5.2  g  as  specified  in  Table  6a)  to  ±1.85  g. 

A  different  approach  simply  using  the  mass-loading  concept  indicated  a  value  of  ±4.22  g.  It  is 
recommended  that  for  now,  a  vibration  load  factor  of  ±3  g  be  used  for  design  of  6  in.  diameter  pipe 
hanger  loads. 


Table  8 


Detailed  Total  Baseline  Load  Factors  for  Roof-Mounted  Equipment 


Direction 

—  Location  — 

Roof  Deck  or 

Bar  Joists 

Roof 

Trusses' 

Vertical,  Up 

+4.2  g 

+  2.1  g 

Vertical,  Down 

-6.2  g 

-4.1  g 

Lateral 

±2.6  g 

±  1.6  g 

'Average 


Draft  Curtain.  Vibration  response  was  evaluated  in  Appendix  H  for  two  different  gages  (18  and  20) 
of  draft  curtain  panels  and  for  different  lengths  (varying  from  10  to  16  ft).  The  results,  given  in  Table 
H10,  are  shown  for  reference  here  as  Table  9. 

Only  the  equivalent  static  pressure  (Ps)  varies  significantly  with  length.  However,  the  highest 
average  load  factor,  28.5  g,  occurs  as  expected  for  the  lightest  gage. 

HV  System.  Vibro-acoustic  loads  on  the  HV  mechanical  equipment  enclosure  carried  out  in 
Appendix  H  are  specified  in  Table  5  in  terms  of  equivalent  static  pressures.  The  loads  are  not  considered 

severe. 

In  addition,  vibro-acoustic  loads  were  evaluated  in  Appendix  H  for  the  HV  ducts  and  for  the  base 
of  the  HV  mechanical  equipment  unit  itself. 

HV  Ducts.  Table  10  lists  the  vibro-acoustic  response  parameters  for  the  various  sizes  of  HV  ducts 
(18  gage  thickness  only;  Chapter  7  provides  similar  information  for  other  thicknesses).  The  values 
presented  in  the  table  correspond  to  vibro-acoustic  response  of  the  four  walls  of  a  rectangular  duct  where 
the  wall  was  treated  as  a  simply  supported  panel  with  a  width  (W)  equal  to  the  duct  width  (in  either 


Table  9 

Summary  of  Vibration  Response  Parameters  for 


Alternative  Gages  and  Lengths  of  Draft  Curtain 

Gage* 

Length,  ft  10  12  14  16 

Avg 

1 8  Gage 

f0.  hz 

24.8 

17.2 

12.7 

9.7 

16.1 

I  =  1.325  in4/ft 

P5,  psf 

104 

68 

48 

34 

63.5 

w  =  3.46  psf 

LF,  g 

22 

21 

22 

21 

21.5 

R/b  lb/ft 

192 

202 

216 

221 

208 

20  Gage 

fo-hz 

24.2 

16.8 

12.3 

9.5 

15.7 

I  =  0.959  in.4/ft 

Pt,  psf 

101 

66 

46 

33 

61.5 

w  =  2.61  psf 

LF.g 

29 

28 

29 

28 

28.5 

R/b  Ib/ft 

191 

200 

212 

219 

206 

’Based  on  properties  specified  for  Vulcraft  Type  3N20  or  3N18  Acoustical  Deck 


Table  10 


Summary  of  Vlbro- Acoustic  Response  Parameters  for  18  Gage 
Galvanized  Steel  Walls  of  HV  Ducts 


Panel  Size 


Duct  Size 

In. 

w 

in. 

L 

in. 

('o>‘ 

Hz 

P. 

psf 

LF 

psf 

Q"* 

in. 

Y  ** 

psl 

W/120t 

In. 

R/W* 
lb  /ft 

8  x  14 

8 

90 

71.6 

156 

24 

7990 

0.18 

0.067 

88 

10  x  12 

10 

90 

46.0 

111 

32 

8835 

0.28 

0.083 

117 

12  x  12 

12 

90 

32.1 

58 

23 

6640 

0.33 

0.10 

84 

8  x  14 

14 

90 

23.7 

36 

19 

5625 

0.35 

0.12 

69 

12  x  16 

16 

90 

18.3 

27 

21 

5435 

0.37 

0.13 

77 

16  x  42 

42 

90 

3.1 

1.9 

6.5 

2280 

0.49 

0.35 

24 

16  x  50 

50 

90 

2.4 

1.4 

5.4 

2085 

0.54 

0.42 

20 

8  x  14 

14 

90 

23.7 

33 

20 

5110 

0.30 

0.12 

73 

20  x  24 

20 

133 

11.6 

17.4 

24 

5>30 

0.52 

0.17 

128 

22  x  24 

22 

133 

9.6 

10.2 

17 

3915 

0.48 

0.18 

90 

24  x  24 

24 

133 

8.1 

7.7 

17 

3535 

0.50 

0.20 

92 

30  x  30 

30 

133 

5.3 

4.1 

16.6 

2855 

0.53 

0.25 

90 

36  x  36 

36 

133 

3.8 

2.7 

9.5 

2690 

0.57 

0.30 

57 

*  Fundamental  frequency  for  one  side  of  duct  wall  with  specified  panel  size. 

“  nrn  stress  in  duct  wall.  Peak  stress  will  be  2.15  times  greater  10  percent  of  the  lime. 

’*  Effective  peak  displacement  allowing  a  peak/rms  deflection  of  2.15  and  an  additional  increase  of  1/0.75  for  fatigue  effect. 
f  Nominal  desirable  limit  in  deflection  based  on  panel  width. 

*  Conservative  estimate  of  reaction  load/ft  along  each  joint. 


direction)  and  a  length  (L)  between  duct  supports.  Due  to  the  wide  range  in  values  of  duct  width  (W), 
duct  wall  resonance  frequencies  varied  substantially,  causing  a  large  variation  in  the  equivalent  static 
pressures  (Ps)  in  pounds  per  square  ft,  load  factors  (LF)  in  g,  and  reaction  loads  (R/W)  in  pounds  per  foot- 
width.  As  indicated  in  Table  10,  the  estimated  peak  deflections  (Xpk)  of  the  duct  wall  were  2  to  3  times 
a  conservative  estimate  for  a  nominally  allowed  deflection  equal  to  W/120. 

The  conclusion  to  be  drawn  from  this  analysis  is  that  duct  joints  may  be  very  susceptible  to 
acoustically  induced  fatigue  and  should  be  designed  conservatively  to  minimize  potential  problems. 

HV  Mechanical  Equipment  Unit.  A  detailed  analysis  of  the  acoustically-induced  vibration  of  the 
base  of  the  HV  mechanical  equipment  unit  used  a  simplified  lumped  parameter  mechanical  mobility  model 
defined  in  Figure  H2  of  Appendix  H.  The  vibration  excitation  for  this  model  was  provided  by  the  acoustic 
loads  on  the  roof  deck/bar  joists  which,  in  turn,  will  vibrate  the  underlying  roof  trusses.  The  model  treated 
the  W8  x  28  HV  mounting  beams  spanning  the  25  ft  spacing  between  roof  trusses  C  and  D  as  a  lumped 
mass-spring  system  loaded  by  the  additional  weight  of  the  catwalk  and  HV  system.  Only  the  fundamental 
vibration  mode  of  this  lumped  mass-spring  could  be  treated  by  the  model,  but  an  empirical  procedure  was 
used  to  estimate  an  upper  bound  to  vibration  responses  of  the  HV  base  for  higher  modes  of  the  mounting 
structure. 

The  analysis  model  also  treated  the  roof  trusses  in  terms  of  an  equivalent  lumped  mass-spring 
system  using  alternative  values  for  the  fundamental  frequency  of  this  system.  (These  frequencies  arc  given 
in  Chapter  7,  Table  20.) 

The  net  result  of  this  simplified  analysis  is  summarized  in  Tabic  11. 
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Table  11 


Summary  of  Calculated  Vibration  Response  Parameters  at  Base  of  HV  Unit 


h 

Hz 

LF 

8 

Peak  Displacement 
in. 

24.6 

1.26 

0.020 

32 

1.24 

0.018 

55.4 

1.20 

0.008 

72.1 

1.20 

0.008 

The  results  were  found  to  be  relatively  insensitive  to  the  dynamic  magnification  factors  assumed. 
Based  on  these  results,  it  is  recommended  that  the  HV  unit  be  designed  for  the  following  vibration  load 
factors: 


Vertical  Direction  Up  +  0.3  g 

Down  -  2.3  g 

Horizontal  Direction  ±  0.63  g 

Based  on  these  results,  it  does  not  appear  that  vibration  isolation  of  the  HV  unit  will  be  required  to  avoid 
acoustically  induced  fatigue.  However,  vibration  isolation  of  the  HV  mechanical  equipment  unit  is 
recommended  as  good  engineering  practice  to  minimize  structure-borne  noise  radiation  and  related  ambient 
noise  levels  inside  the  AMD  during  routine  maintenance  operations  when  the  test  systems  are  not 
operating. 

Vibration  and  Acoustic  Environmental  Test  Specifications 

For  vibration-  or  acoustically-sensitive  equipment,  it  may  not  be  possible  to  determine  with  a 
reasonable  degree  of  confidence  that  the  item  is  capable  of  withstanding  the  noise  and  vibration 
environments  specified  for  the  AMD.  In  this  case,  it  may  be  necessary  to  include  a  corresponding 
environmental  test  specification  in  the  procurement  package  for  this  equipment.  This  section  briefly 
outlines  the  principal  elements  that  should  appear  in  such  environmental  test  specifications.  More  specific 
details  may  be  found  in  MIL  STD  810-D,  Method  515.3  Acoustic  Noise  and  514.3  Vibration. 


Acoustic  Test  Specifications 

1.  Acoustic  test  levels  (as  in  Figure  17)  with  a  specified  frequency  range  (typically  50  to  5000  Hz 
for  practical  tests)  and  tolerance  bands  around  the  target  specification.  Alternatively,  the  standard 
spectrum  shape  contained  in  Method  515.3  of  MIL  STD  810-D  could  be  used  since  it  is  similar  to  the 
AMD  design  environment. 

2.  Type  and  minimum  size  of  test  chamber.  A  reverberant  acoustic  test  chamber  would  ordinarily 
be  used  and  should  have  a  volume  of  at  least  10  times  that  of  the  test  article. 

3.  Test  duration.  The  design  environmental  levels  in  Figure  17  are  not  expected  to  have  a 
cumulative  duration  over  the  life  of  the  AMD  of  more  than  about  16.7  hours.  A  test  duration  of  at  least 
10  hours  would  be  recommended  as  a  minimum. 


4.  Acoustic  data  acquisition  and  reporting.  Specific  guidelines  should  be  provided  as  to  the 
location,  number,  and  characteristics  of  microphones  used  to  verify  the  test  environment.  Microphone 
systems  should  conform  with  the  performance  standards  of  American  National  Standards  Institute  (ANSI) 
Standard  S1.4  (ANSI  1983).  According  to  MIL  STD  810-D,  three  microphones  are  required,  each  to  be 
located  away  from  the  test  chamber  walls  and  the  test  article.  For  small  equipment  tests  in  a  relatively 
small  reverberation  chamber,  one  microphone  may  be  an  acceptable  deviation  from  the  requirements  of 
the  standard.  The  duration  of  the  noise  measurement  signal  and  other  “good  practice”  procedures  for  noise 
measurement,  such  as  calibration,  etc.,  should  be  called  out.  The  measured  test  environment  should  be 
reported  in  terms  of  one-third  octave  band  levels  measured  with  a  filter  set  conforming  to  ANSI  Standard 
SI.  11  (ANSI  1986). 

5.  Pass/fail  test  performance  criteria  should  be  clearly  spelled  out  along  with  minimum  procedures 
for  the  presentation  of  the  test  results.  (Ordinarily,  monitoring  of  satisfactory  operation  of  the  equipment 
during  an  environmental  test  is  left  up  to  the  equipment  manufacturer,  not  the  test  laboratory.) 

Vibration  Test  Specifications 

1.  Estimates  have  been  prepared  for  the  equipment  mounting  areas  shown  in  Table  12.  The 
corresponding  vibration  test  specifications  for  these  areas  are  shown  in  Figures  28  through  32  (see 
Appendix  H  for  procedures  employed).  Table  12  also  lists  the  rms  acceleration  for  each  test  envelope. 


Table  12 

Summary  of  Vibration  Test  Specifications  for  AMD  Equipment 


Location 
of  Equipment 

Vibration 

Test  Specifications 
Figure  No. 

rms  Acceleration 
Perpendicular 
to  Surface 

Co- Planar 

with  Surface 

Wall  Panels 

28a 

12.2 

x  1/2 

Panel  Girts 

28b 

5.46 

xl/2 

Columns 

28c 

3.86 

xl/2 

1R*  Sensors- 

on  Columns 

29a 

3.86 

xl/2 

on  Tube  Spanning 

Panel  Girts 

29b 

8.3 

xl/2 

Roof 

Roof  Deck/ 

Bar  Joists 

30a 

6.49 

xl/2 

Roof  Truss 

30b 

2.65 

xl/2 

Draft  Curtain  Panels 

31a 

29.9 

xl/2 

Draft  Curtain  Support 

Frame 

31b 

7.72 

xl/2 

Door  Panels 

32a 

13.0 

xl/2 

Door  Support  Frames 

32b 

6.5 

xl/2 

IR  =  infrared. 

62 
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3 
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which  is  determined  by  taking  the  square  root  of  the  integral  of  the  acceleration  power  spectral  density 
(APSD)  over  the  frequency  range  (5—2000  Hz)  for  which  the  test  specification  is  defined.  As  indicated 
in  the  table  and  in  the  figure  legends,  the  figures  specify  the  vibration  test  levels  in  the  direction  normal 
to  the  basic  surface  involved  (i.e.,  wall,  roof,  draft  curtain,  or  doors).  The  acceleration  spectral  density 
test  levels  perpendicular  to  this  surface  are  reduced  to  one  quarter  so  the  corresponding  rms  acceleration 
levels  are  reduced  to  one  half.  A  suitable  tolerance  in  APSD  levels  for  compliance  with  these  random 
vibration  test  specifications  is  ±  100  percent,  or  ±  3  dB.  For  example,  if  the  nominal  test  level  is  0.1  g2/Hz 
at  100  Hz,  a  permissible  APSD  at  this  frequency  would  lie  between  0.05  and  0.2  g2/Hz.  However,  the 
rms  acceleration  of  the  overall  test  spectrum  should  be  within  ±12  percent  (±  1  dB)  of  the  values 
specified  in  Table  12. 

2.  Vibration  fixture.  This  is  a  vital  part  of  the  test  specification  since  it  is  critical  that  the  fixity 
of  the  test  item  be  reasonably  well  simulated  for  the  vibration  test. 

3.  Test  duration.  A  test  duration  of  at  least  10  hours  is  recommended.  An  accelerated  (shorter) 
test  at  higher  test  levels  should  only  be  allowed  after  special  care  has  been  taken  to  ensure  that  a  valid 
tradeoff  between  test  level  and  duration  has  been  used.  This  would  require  some  knowledge  of  estimated 
fatigue  characteristics  of  the  component  under  test  (see  Appendix  H). 

4.  Vibration  test  data  acquisition  and  reporting.  Again,  the  requirements  are  similar  to  that  for 
acoustic  tests  except  that  spectrum  analysis  is  ordinarily  done  with  a  narrow  band  spectrum  analyzer.  In 
this  case,  good  practice  calls  for  a  data  sample  length,  in  seconds,  equal  to  at  least  50/df,  where  df  is  the 
bandwidth  of  the  spectrum  analyzer.  Current  technology  spectrum  analysis  instrumentation  normally 
satisfies  this  requirement. 

5.  Pass/Fail  test  performance  criteria  are  required  as  for  the  acoustic  tests. 


Combined  Environmental,  Snow,  Seismic,  and  Wind  Loads 

In  theory,  it  would  be  necessary  to  combine  the  environmental  loads  developed  above  with  the 
conventional  snow,  seismic,  and  wind  loads  specified  for  the  AMD  structure.  Realistically,  the  wind  loads 
represent  extreme  conditions  (70  mph  winds)  which  would  probably  preclude  operations  in  the  AMD 
anyway,  so  it  is  not  considered  reasonable  to  combine  wind  and  acoustical  loads.  Seismic  loads  are  also 
based  on  rare  conditions.  Specifically,  they  are  intended  primarily  for  design  of  the  main  building 
structure,  which  is  not  expected  to  be  significantly  loaded  by  the  internal  acoustic  environment  That 
leaves  only  the  potential  for  combining  snow  loads  on  the  roof  with  the  environmental  acoustic  loads  on 
this  part  of  the  AMD  structure.  The  maximum  snow  load  specified  for  the  roof  of  high  bay  areas  of  the 
AMD  is  24  psf.  Note  that  the  snow  loads  are  downward  only  while  the  static  pressure  loads  equivalent 
to  the  acoustic  pressures  are  bidirectional.  If  these  loads  are  to  be  combined,  it  is  recommended  that  an 
rms  average  load  be  developed  equal  to  the  square  root  of  the  sum  of  the  squares  of  the  two  components. 
The  following  section  evaluates  the  impact  of  combining  wind,  snow,  and  acoustic  loading  for  determining 
the  effective  loading  on  the  roof  deck  and  rigid  insulation  fasteners. 

Effective  Loading  on  Roof  Deck  and  Rigid  Insulation  Fasteners 

Worst-case  live-load  conditions  must  be  considered  by  combining  the  effects  of  the  vibro-acoustic 
load  with  the  design  wind  load,  and  the  vibro-acoustic  load  with  the  design  snow  load.  The  design  wind 
load,  at  the  location  for  the  AMD,  applied  to  the  roof  is  27.8  psf,  and  the  design  snow  load  is  24  psf.* 
Table  13  summarizes  the  equivalent  static  load  acting  on  the  roof  panels  subjected  to  the  vibro-acoustic 


*  Telephone  conversations  with  Mr.  Kevin  Howe.  U.S.  Army  Corps  of  Engineers  (USACE),  Omaha  District,  Special  Projects 
Branch,  in  April  1989. 
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Table  13 


Summary  of  Roof  Live  Loads  (psf) 


Wind 

Snow 

Acoustic 

Combined* 

Upward  - 

8K1  Bar  Joist 

27.8 

— 

63.4 

65.1 

16K4  Bar  Joist 

27.8 

.... 

24.9 

29.0 

16K6  Bar  Joist 

27.8 

— 

27.0 

30.9 

Downward  - 

8K1  Bar  Joist 

.... 

24.0 

63.4 

64.7 

16K4  Bar  Joist 

.... 

24.0 

24.9 

28.0 

16K6  Bar  Joist 

.... 

24.0 

27.0 

29.9 

’  The  combined  loads  are  for  information  only,  and  the  roof  and  insulation  fasteners  should  be  designed  for  the  acoustic,  snow, 
or  wind  live  load  independently. 


loading.  This  table  gives  several  load  levels  for  a  range  of  bar  joist  sizes  supporting  the  roof  panels.  The 
current  building  design  uses  only  8K1,  16K4,  and  16K6  bar  joists.*  The  loads  are  combined  in  a  way 
that  assumes  the  rms  wind  or  snow  load  is  one  fourth  their  peak  load.  The  peak  combined  wind  and 
acoustic  load  is  then  calculated  as  the  square  root  of  the  sum  of  the  squares  of  the  rms  wind  load  and 
acoustic  load  times  the  ratio  of  peak  to  rms  load  (Fp)  for  a  randomly  occuring  load.  The  probability  of 
exceedance  is  taken  as  10  percent,  which  gives  Fp  a  value  of  2.15.  The  combined  wind  and  acoustic  load 
(Lw)  then  becomes: 


LW=FP 


w  Wind  ,2  ,  Acoustic  A 
[( — — )  +( — ^ - )  1 


[Eq  11] 


Table  13  summarizes  the  results  of  these  calculations  for  each  bar  joist.  The  vehicle  inside  the 
AMD  will  not  be  operating  during  such  high  winds,  except  in  an  extreme  emergency,  so  the  most  critical 
upward  live  load  will  be  the  acoustic  load  by  itself. 

The  peak  combined  snow  and  acoustic  load  is  calculated  in  a  similar  manner.  The  combined  snow 
and  acoustic  load  (Ls)  becomes: 


Ls=Fp 


, ,  Snow  2  ,  Acoustic  A 
[( — — )  +( — - - )  ] 


[Eq  12] 


*  AMD  Structural  Drawing  No.  5  and  7.  The  drawings  referred  to  in  this  report  are  taken  from  Maintenance  Dock  Hydrant  Fuel 
System  Aircraft  Apron/Taxiway,  Vol.  n  FY  90/91  (USACE,  Omaha  District,  April  1991),  and  are  the  same  as  the  As  Built 
FY  89  Maintenance  Dock  Drawings. 
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The  snow  load  may  dampen  and  mass  load  the  roof  such  that  the  most  critical  downward  live  load 
will  again  be  the  acoustic  load  by  itself.  Table  13  summarizes  the  roof  live  load  combinations. 

Summary:  Design  for  Vibro-Acoustic  Environments  in  the  AMD 

In  summary,  design  tools  are  provided  for  use  by  the  structural,  mechanical,  and  electrical  equipment 
designer  to  prevent  or  minimize  the  potential  for  vibro-acoustic  failure  or  malfunction  of  AMD  secondary' 
structure  or  internal  equipment.  The  tools  are  provided  in  terms  of  (1)  equivalent  static  pressures  for  the 
design  of  secondary  structural  skin  elements  or  internal  equipment  with  inherent  lightweight  panel 
elements  such  as  HV  ducts  and  HV  equipment  enclosures,  (2)  vibration  load  factors  for  the  design  of 
equipment  mounting  systems  or  fasteners,  and  (3)  acoustic  or  vibration  environmental  test  specifications. 


70 


5  RESPONSE  OF  EQUIPMENT  TO  ACOUSTIC  AND  VIBRATION  ENVIRONMENTS 


An  equipment  package  and/or  its  components  immersed  in  a  high- intensity  sound  field  can  respond 
to  the  acoustic  environment  in  three  ways:  (1)  the  complete  package  assembly  can  vibrate  as  a  “rigid 
body”  on  its  mounting  attachments,  (2)  the  sound  pressure  field  can  excite  the  housing  panels,  component¬ 
laden  mounting  panels,  or  other  relatively  thin  substructure  within  the  package  into  vibration,  and  (3)  the 
equipment  can  respond  to  the  alternating  compression  and  decompression  of  the  acoustic  pressure.  This 
section  briefly  reviews  the  characteristics  and  possible  significance  of  each  of  these  forms  of  response. 


Response  of  Equipment  Packages  to  Acoustic  Excitation 

Rigid-Body  Response  to  Acoustic  Excitation 

The  most  fundamental  structural  response  an  equipment  package  can  have  under  the  action  of  an 
external  acoustic  field  is  a  rigid-body  motion  of  the  entire  package  when  it  is  located  in  free  air  without 
any  baffling  between  front  and  back. 

The  coupling  of  an  acoustic  field  and  a  rigid  equipment  package  is  achieved  by  the  diffraction  of 
sound  waves  about  the  equipment  package.  The  resulting  effect  is  a  nonuniform  distribution  of  sound 
pressures  over  the  surface  area  of  the  equipment  package,  resulting  in  a  net  fluctuating  pressure  on  the 
rigid  equipment  package.  The  net  force  (F)  on  an  equipment  package  of  cross-section  area  S,  normal  to 
the  direction  of  a  progressive  sound  wave  with  a  pressure  of  PQ,  can  be  stated  in  the  form: 

F  =  P0SLf  [Eq  13] 

where  the  acoustic  loading  factor  (Lf)  depends  on  the  relationship  between  the  equipment  package 
dimensions  and  the  sound  wavelength  (A).  For  initial  estimates,  the  value  of  PQ  can  be  computed  from 
the  one-third  octave  band  sound  pressure  levels  (L^  in  Table  3  at  the  resonance  frequency  of  the 
equipment  mounting.  The  conversion  from  band  sound  pressure  levels  (Lj,)  to  the  corresponding  band 
sound  pressure  (P^,  in  pounds  per  square  inch,  is: 


(Lb-194) 

Pb  =  14.7  x  10 


[Eq  14] 


The  maximum  acoustic  loading  (Lf)  occurs  when  the  distance  around  the  rigid  equipment  package  (Ax) 
is  approximately  equal  to  a  half  wavelength  (A/2)  of  the  exciting  sound  wave.  At  this  condition,  the  sound 
pressures  at  opposite  sides  are  180  degrees  out  of  phase  so  that  one  side  is  being  pushed  by  the  incident 
sound  pressure  while  the  other  side  is  being  pulled.  The  resulting  acoustic  load  factor  (Lf)  in  this  case 
will  be  approximately  2  (+6  dB).  Assuming  typical  equipment  can  be  approximated  as  spherical  or 
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cylindrical  shapes,  the  acoustic  loading  factor  (Lf)  for  rigid  body  excitation  can  be  approximated  by  the 
following  expressions  in  terms  of  a  characteristic  body  dimension  (Ax)  in  ft  and  frequency  (0  in  Hz: 


Lf 


0.0036  Axf  Axf  <  500 

2  ,  500  <  Ax  f  <1000  |Eq  15] 

2230/(Axf)  Ax  f  >1000 


Cylindrical  Shape 


0.006  Ax  f 

Ax  f  < 

350 

2.1 

350  <  Ax  f  < 

780 

|Eq  16] 

60/(Axf)I/2 

Ax  f  > 

780 

The  above  expressions  assume  the  incident  sound  field  is  a  plane  progressive  wave  such  as  would  exist 
in  the  free  (direct)  field  near,  and  aft  of,  the  main  engines. 

For  excitation  by  the  reverberant  field,  the  above  expressions  for  Lf  must  be  modified  by  the  same 
factor  used  in  Eq  14  to  describe  the  net  acoustic  force  on  an  unbaffled  draft  curtain.  That  is, 

Lf (reverb.)  =  Lf (plane  wave)^l  -CAx  |Lq  171 


where 


C(Ax)  - 

2rcfAx/c 


Ax 

c 

f 


the  front-to-back  dimension  (i.e.,  one  half  the  circumference)  illustrated  in  the 
sketches  for  Eq  15  and  16,  in  ft 

speed  of  sound  (1117  ft/scc) 

frequency,  Hz 


and  Lffplanc  wave)  is  given  by  Eq  15  or  16. 
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Eq  13  through  17  provide  a  simple  way  to  estimate  the  net  acoustic  force  on  an  otherwise  rigid 
equipment  package.  If  the  equipment  is  vibration-isolated  where  f0  is  the  isolator  resonance  frequency, 
then  the  direct  acoustically  induced  peak  acceleration  (a^  of  the  package  (in  g’s)  could  be  estimated  by: 


a 


p 


Pb2(f0)S2Lf2Q 
(0.236)  W  2 


[Eq  18] 


where 


Pb«o) 

W 

Lf 


*P 

S 


rms  pressure  in  one-third  octave  band  at  frequency  f0  (from  Table  3),  psf 
the  total  weight  of  the  equipment 

the  acoustic  loading  factor  estimated  from  Eq  15  through  17 
the  dynamic  magnification  factor  for  mechanical  vibration 
2.15  for  10  percent  exceedance  peak 

cross-sectional  area  of  equipment  package  normal  to  the  incident  sound  wave,  ft2. 


Based  on  a  substantial  amount  of  measured  data,  an  approximate  statistical  model  for  the  dynamic 
magnification  factor  Q  can  be  defined  by: 


P  (>Q)  =  10 


Q 

'f3 


[Eq  19] 


where  P(>Q)  is  the  cumulative  probability  that  a  given  value  of  Q  will  be  exceeded  for  a  large  sample  of 
equipment  (Sutherland  1968).  Thus,  for  P(>Q)  =  0.1  (10  percent  exceedance),  Q  =  13.  Some  of  the  data 
upon  which  this  statistical  model  for  Q  is  based  are  shown  in  Figure  33. 

It  should  be  pointed  out  that  rigid-body  response  of  high-density  equipment  packages  (e.g.,  motors, 
hydraulic  valves,  etc.)  due  to  direct  acoustic  excitation  is  unlikely  to  be  a  problem  in  most  cases. 
Vibration  input  to  such  equipment  is  more  likely  to  be  caused  by  the  vibration  transmitted  to  the 
equipment  mounting  from  the  vibro-acoustic  response  of  AMD  walls  or  roof  panels. 

Vibro- Acoustic  Response  of  Flexible  Equipment  Panels 

Acoustic  excitation  of  any  wall  of  a  lightweight  equipment  enclosure  can  result  in  significant 
vibration  response  to  the  sound.  A  more  detailed  analysis  of  this  type  of  response  was  provided  in 
Chapter  4  in  terms  of  a  general  vibro-acoustic  response  factor  called  specific  acoustic  mobility  (MSA). 

To  illustrate  one  application  of  this  vibro-acoustic  response  parameter  to  equipment  vibration,  Figure 
34  shows  how  this  specific  acoustic  mobility  is  expected  to  vary  with  frequency  relative  to  the  lowest 
fundamental  mode  of  the  equipment  structure  for  a  typical  equipment  cabinet.  Figure  35  shows 
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Cumulative  Probability  that  Abscissa  is  Exceeded,  % 


Effective  Dynamic  Magnification  Factor  for 
Complex  Structural  Systems 


(Source:  Wyle  Reseerch) 

Figure  33.  Statistical  variation  in  dynamic  magnification  factor  for  resonant  response  of 
complex  structural  systems. 
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0.1  I  10  100 


f/f0 


Figure  34.  Design  envelope  for  acoustic  mobility  of  baffled  flat  panel  with  mounted  equipment. 


comparable  experimental  data  on  the  measured  vibration  spectrum  of  a  large  electronic  equipment  cabinet 
exposed  to  acoustic  excitation.  The  equipment  was  mounted  on  a  vibration-isolated  floor.  Thus,  the 
internal  vibration  response  of  the  equipment  cabinet  was  due  primarily  to  acoustic  excitation  of  the  cabinet 
sidewalls  and  not  from  structure-borne  vibration  from  the  base  of  the  cabinet. 

The  acceleration  response  spectrum,  measured  in  one-third  octave  bands  at  various  locations  on  the 
cabinet,  has  been  normalized  by  the  corresponding  sound  pressure  level  in  each  band.  A  predicted 
acceleration  response  is  also  shown  for  this  case  based  on  Figure  34.  For  this  prediction,  it  was  assumed 
that  the  total  cabinet  weight  (1800  lb)  was  evenly  distributed  over  the  entire  surface  area  of  the  34  x  36 
x  80  in.  cabinet  to  give  a  value  for  the  average  surface  density  (w)  of  0.132  Ib/sq  in.  One  important  result 
from  these  data  is  that  the  acceleration  response  of  the  equipment  cabinet  is  higher  inside  the  cabinet  than 
at  points  near  its  mounting  on  the  vibration-isolated  floor. 

General  Criteria  for  Threshold  of  Equipment  Malfunction  from  Acoustic  Environments 

Based  on  available  test  data,  tentative  criteria  outlined  in  this  section  may  be  used  as  a  guide  for 
estimating  the  noise  level  threshold  for  malfunction  of  sensitive  equipment  due  to  the  acoustic 
environments  inside  the  AMD.  It  must  be  emphasized,  however,  that  these  data  are  more  than  20  years 
old  (Sutherland  1968;  Sugamelc  1966)  and  do  not  necessarily  reflect  the  acoustic  fragility  or  sensitivity 
of  current  technology,  which  will  often  be  lighter,  smaller,  and  more  rugged. 
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10  100  1000  10,000 

Frequency,  Hz 

'Estimated  from  Figure  29  of  Sutherland  1968. 

(Source:  Sutherland  1968) 

Figure  35.  Maximum  acoustical  mobility  of  equipment  cabinets  measured  in  one-third  octave  bands 
in  direction  normal  to  cabinet  walls  from  acoustic  test  of  ground  computer  system. 

The  following  breakdown  of  equipment  has  been  found  useful  for  determining  criteria  for 
vibro-acoustic  response  of  equipment: 

•  Component  Types 

Type  A  —  Components  whose  function  involves  motion  of  flexible  parts  (i.e.,  relays, 

pressure  switches,  mechanical  signal  commutators) 

Type  B  —  Components  that  are  nominally  stationary  but  contain  structural  pans  that 

arc  relatively  flexible  (i.e.,  vacuum  tubes,  accelerometers,  etc.) 

Type  C  —  Components  with  relatively  rigid  parts  and  support  structure  (i.e.,  solid 

state  items,  capacitors,  resistors,  inductors,  etc.). 

•  Equipment  Types 

Type  1  —  Equipment  containing  types  A,  B,  and  C  components 

Type  II  —  Equipment  packages  containing  only  types  B  and  C  components 

Type  III  —  Equipment  employing  type  C  components  only. 
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The  categories  indicated  are  used  here  to  examine  available  data  from  acoustic  environment  tests  of 
equipment  for  tentative  acoustic  criteria  for  possible  thresholds  of  malfunction.  These  data  are 
summarized  in  Table  14.  As  expected,  the  data  show  considerable  scatter. 

A  further  analysis  of  these  and  other  data  from  the  same  source,  encompassing  over  65  tests  of 
electrical  components  (without  vacuum  tubes),  pneumatic  and  hydraulic  components  showed  that  the  most 
sensitive  types  of  equipment  had,  as  shown  in  Table  15,  the  following  log-normal  distribution  in 
malfunction  rate  as  a  function  of  the  average  one-third  octave  band  sound  level  from  250  to  2000  Hz. 

It  must  be  emphasized  again  that  the  above  data  reflect  the  sensitivity  of  1960s-era  equipment  A  more 
rugged  group  of  equipment  from  these  same  data  showed  approximately  the  same  rate  of  increase  of 
malfunction  with  level,  but  at  an  average  sound  level  about  22  dB  higher  than  indicated  by  the  above 
trend. 


Based  on  the  above  information,  an  estimated  threshold  for  acoustically  induced  malfunction  (at  the 
5  percent  rate)  of  current  state-of-the-art  equipment  probably  falls  at  one-third  octave  band  levels  of  not 
less  than  125  dB.  This  potential  threshold  for  malfunction  of  sensitive  equipment  is  5  to  15  dB  below' 
the  maximum  design  levels  for  the  AMD,  indicating  the  potential  for  malfunction  of  lightweight  equip¬ 
ment  that  may  be  sensitive  to  the  vibro-acoustic  excitation  inside  the  AMD.  However,  a  major  qualifier 

Table  14 

Trend  In  Threshold  Levels  for  Malfunction  of 
Equipment  Exposed  to  Acoustic  Environments* 


One-Third 

Octave  Band  Levels  (dB) 

Component  Typical  Examples  500-2000  Hz 


Type  A 

Relays,  Pressure  Switches, 

Potentiometers 

123  -  150 

Type  B 

Vacuum  Tubes,  Inductors 

115  -  145 

Type  C 

Capacitors,  Alone 

Mounted  on  Circuit  Board 

Resistors 

Cables 

>165” 
115  -  145' 
145  -  185' 
145  -  155' 

Equipment 

Type  I 

with  Type  A,  B,  and 

C  Components 

123  -  137 

Type  11 

with  Type  B  and  C  Components 

145 

Type  III 

with  Type  C  Components 

125 

*Sourcc:  Sugamcle  1966. 

Sound  level,  in  dB  re  20  microPascals,  required  to  produce  1  millivolt  electrical  signal  output. 
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Table  15 


Estimated  Acoustically  Ind  jced  Malfunction  Rate  of  Sensitive  Equipment  Manufactured  in  the  1960’s 
as  a  Function  of  Average  One-Third  Octave  Sound  Level 


Malfunction  Rate  (%) 

5 

10 

50 

90 

Avg.  l/3rd  OBL*  (dB)  (250-2000  Hz) 

115 

120 

130 

140 

*l/3rd  OBL  =  one  third  octave  band  level 


must  be  placed  on  this  pessimistic  view.  Equipment  inside  the  AMD  that  must  be  explosion-proof  and, 
hence,  housed  in  a  heavy-duty  case,  will  tend  to  be  much  less  susceptible  to  acoustically  induced 
malfunction  than  the  same  equipment  not  housed  in  an  explosion-proof  container.  Thus,  acoustic 
qualification  tests  may  only  be  required  for  some  very  sensitive  items  for  which  there  are  inadequate 
measured  or  predicted  vibro-acoustic  sensitivity  data  to  assure  no  significant  malfunction  during  operatioas 
in  the  AMD.  This  case-by-case  examination  may  be  required  of  equipment  items  for  which  adequate 
acoustic  or  vibration  fragility  data  or  analyses  are  not  currently  available. 


Response  of  Equipment  to  Random  Vibration  Environments 

Two  types  of  response  to  environmental  vibration  can  occur  for  equipment:  (1)  rigid  body  vibration 
at  frequencies  well  below  any  structural  resonance  frequencies  for  the  equipment  and  its  components  and 
(2)  the  usual  complex  vibration  response  of  the  equipment  at  frequencies  equal  to  and  above  the  lowest 
fundamental  resonance.  This  section  briefly  reviews  the  characteristics  and  significance  of  each  of  these 
forms  of  response. 


Rigid-Body  Response  to  Vibration 

For  low-frequency  sinusoidal  vibration  tests,  such  as  those  required  in  MIL- STD  810D  to  simulate 
transportation  environments,  the  peak  acceleration  of  all  parts  of  an  equipment  package,  which  can  be 
considered  as  a  rigid  body,  is  simply  equal  to  the  peak  input  acceleration.  There  is  no  dynamic 
amplification. 


For  random  vibration  under  the  same  conditions  (i.e.,  rigid-body  response),  the  only  difference  is 
that  the  peak  acceleration  response  of  the  equipment  can  only  be  defined  statistically.  If  the  responding 
system  is  assumed  be  a  linear  single-degree-of-freedom  system  and  the  input  is  Gaussian  random 
vibration,  then  the  cumulative  probability  that  the  envelope  of  peak  acceleration  response  (ap)  will  exceed 
a  value,  Y,  times  the  rms  acceleration  response  (a)  is  defined  by  a  Rayleigh  distribution  given  by 
(Sutherland  1968): 

Cum(ab  >  Y  x  3)  =  exp  (_Z_ )  lE9  20] 


These  values  as  a  function  of  Y  arc  shown  in  Table  16. 

Analysis  of  structural  fatigue  from  random  vibration  or  of  rattle  space  required  around  a  package 
undergoing  random  vibration  is  ordinarily  based  on  the  cumulative  distribution  of  the  envelope  of  peak 
responses.  Thus,  adopting  a  10  percent  exceedance  limit  for  design  purposes,  a  peak  i:^id  body 
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Table  16 


Cumulative  Probability  of  ap  Exceeding  V  x  a 


Cum  Prob  (8p>  Y  x  a)  (%) 

20  10 

5 

2.5 

1 

Y  =  Vs 

1.79  2.15 

2.45 

2.72 

3.03 

acceleration  of  2.15  times  the  rms  value  should  be  used  to  define  a  maximum  predicted  acceleration  (or 
limit  load)  for  a  rigid-body  response  to  a  random  vibration  excitation. 

Vibration  Response  of  Nonrigid  Equipment 

An  equipment  item  exposed  to  environmental  vibration  will  vibrate  in  one  or  more  normal  modes 
at,  and  above,  the  lowest  structural  resonance  frequency.  Each  such  mode  can  be  treated  as  a 
single-degree-of-freedom  system.  A  detailed  discussion  of  this  complex  type  of  response  is  not  called  for 
here  since  the  analytical  background  in  this  area  is  well  documented  in  any  standard  text  on  mechanical 
vibration.  (See  review  in  Chapter  2  of  Sutherland  1968.) 

The  most  important  aspect  of  the  flexible-body  response  to  vibration  is  the  dynamic  magnification 
in  response  (i.e.,  acceleration  or  stress)  that  takes  place  at  each  structural  resonance.  The  following  design 
equations  are  applicable,  in  this  case,  to  predict  the  peak  acceleration  response  (ap),  in  g’s: 

For  sinusoidal  excitation,  =  a^,  x  Q 

For  random  excitation. 


aP  "  215, 


±af2xfxQ 


[Eq  21] 


where  ajn  =  The  peak  amplitude  of  a  sinusoidal  acceleration  input 

af2  =  The  acceleration  power  spectral  density  for  a  random  e  tcitaiion,  g2/Hz 
Q  =  Dynamic  magnification  factor 
f  =  Resonance  frequency,  Hz. 

The  second  equation,  based  on  the  “Miles  equation"  (sec  Appendix  D),  uses  the  peak  to  rms  factor  of  2.15 
for  10  percent  exceedance  limits  of  the  random  vibration  envelope  as  outlined  above. 

As  discussed  earlier  in  this  chapter,  empirical  statistical  models  for  the  variation  in  the  dynamic 
magnification  factor  indicates  that  in  10  percent  of  equipment  measurement  locations,  a  value  of  Q  =  13 
would  be  exceeded.  Thus,  for  estimation  ol  maximum  Oimit)  accelerations  exceeded  10  percent  of  the 
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time  at  approximately  10  percent  of  equipment  positions,  the  peak  (or  limit)  acceleration  response  for  a 
single  resonant  vibration  mode  can  be  obtained  from  Eq  22  by  using  a  Q  value  of  1 3. 

For  N  modes,  assuming  no  correlation  between  modal  response,  the  total  peak  acceleration  response 
(apt)  for  random  excitation  will  be  approximately  equal  to  the  square  root  of  the  sum  of  the  squared  peak 
acceleration  values  (apj)  for  each  ith  mode,  or 


a 


Pl 


N 


N 

£ 

i=l 


[Eq  22] 


General  Criteria  for  Equipment  Malfunction  from  Vibration  Environments 

The  variety  of  responses  of  all  types  of  equipment  to  environmental  vibration  is  too  vast  to  define 
any  rigid  quantitative  guidelines  for  fragility  limits.  However,  some  qualitative  guidance  is  provided  by 
the  information  in  Table  17. 


80 


Table  17 


Failure  Modes  and  Fragilities  of  Some  Electronic 
Components  from  Vibration  and  Shock  Environments* 


Item 

Vibration 

Failure 

Modes 

Shock 

Failure 

Modes 

Fragility 

Type  A 
Components 

Choppers 

Increase  in  phase  angle  and 
dwell  time 

Contacts  open;  change  in 
phase  angle  and  dwell  time 

Circuit 

Breakers 

Premature  activation 

Premature  close  or  open 

Circuit  breakers  are  generally  rugged 
and  stand  up  in  severe  dynamic 
environments.  Shock  and  vibration 
failures  often  are  the  fault  of  poor 
bracket  and  hold-down  design  Tather 
than  of  the  element  itself 

Clutches, 

magnetic 

Creep 

Intermittent  operation 

Potentiometers 

Increased  noise;  change  in 
torque  and  linearity;  wiper 
brush  bounce;  open  circuit 

Increased  noise;  change  in 
torque  linearity,  and 
resistance;  open  circuit 

Relays 

Contact  chatter 

Contact  opening  or  closing 

Relays  often  chatter  and  ultimately  fail 
when  subjected  to  more  than  about  10  g 
vibration  above  about  500  Hz.  Special 
relays  can  take  up  to  100  g.  Plunger 
and  rotary  types  are  most  rugged; 
clapper  types  are  relatively  fragile 

Switches 

Contact  chatter 

Contact  opening 

Type  B 
Components 

Diodes 

Open  circuit 

Open  circuit 

Coils 

Loss  of  sensitivity; 
detuning;  breaking  of  parts, 
leads,  and  connectors 

Lead  breakage;  detuning; 
loss  of  sensitivity 

Transformers 

Shorts;  opens;  modulation 
of  output 

Shorts;  opens;  modulation 
of  output 

Transformers  are  generally  rugged  and 
stand  up  in  severe  dynamic 
environments,  shock  and  vibration 
failures  of  ten  are  the  fault  of  poor 
bracket  and  hold-down  design  rather 
than  the  element  itself 

Source:  Sugameie  1966  and  Lawrence  1961. 

Type  A  —  Components  whose  function  involves  motion  of  flexible  parts  (i.e.,  relays,  pressure  switches,  mechanical  signal 
commutators);  Type  B  —  Components  which  are  nominally  stationary  but  containing  structural  parts  which  are  relatively 
flexible  (i.e.,  vacuum  tubes,  accelerometers,  etc.);  Type  C  —  Components  with  relatively  rigid  parts  and  support  structure 
(i.e.,  solid  state  items,  capacitors,  resistors,  transistors,  integrated  circuits,  etc.). 
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Table  17  (Cont’d) 


Item 

Vibration 

Failure 

Modes 

Shock 

Failure 

Modes 

Fragility 

Type  C 
Components 

Ceramic 

capacitors 

Increase  lead  breakage; 
piezoelectric  effect;  body 
and  seal  breakage 

Lead  breakage; 
piezoelectric  effect;  body 
and  seal  breakage 

Transistors,  capacitors,  and  resistors 
have  low  mass  and  good  rigidity. 

Correctly  supported  and  anchored,  they 
withstand  as  much  as  15  g 

Electrolytic 

capacitors 

Increased  lead  breakage; 
seal  damage;  current  surges 

Lead  breakage;  seal 
damage;  current  surges 

Capacitors  and  resistors  in  particular 
usually  fail  from  lead  flexure  rather 
than  structural  breakdown 

Mica 

capacitors 

Lead  breakage 

Lead  breakage 

Paper 

capacitors 

Increase  in  opens  and 
shorts;  lead  breakage 

Opens;  increased  dielectric 
breakdown  shorts;  lead 
breakage 

Tantalum 

capacitors 

Opens;  shorts;  current 
surges;  lead  breakage 

Opens;  lead  breakage; 
shorts;  current  surges 

Connectors. 

standard 

Separation  plugs  and 
receptacle;  opening  of 
contacts 

Opening  of  contacts 

Electric  cables  and  connectors  need  to 
be  well  anchored  especially  for  high- 
impedance  coaxial  leads  to  prevent 
flexure,  abrasion,  and  noise  voltage  due 
to  flexing 

Resistors 

Lead  breakage;  cracking 

Cracking;  opens 

Transistors 

Opens;  functional 
disintegration 

Opens;  seal  breakage 

Insulators 

Cracking;  elongation 

Cracking 

Joints,  solder 

Cracking;  opens 

Cracking;  opens 

Motors 

Brinelling  of  bearings; 
loosening  of  hardware 

Thermistors 

Lead  breakage;  case 
cracking;  open  circuit 

Lead  breakage;  case 
cracking;  open  circuit 

Resolvers 

Intermittent,  brush 
operation;  brinelling  of 
bearings;  cracking  of 
terminal  board;  loosening 
of  hardware 

Intermittent  brush 
operation;  cracking  of 
terminal  board;  loosening 
of  hardware 

Servos 

Brinelling  of  bearings; 
loosening  of  hardware; 
cracking  of  terminal  board 

Loosening  of  hardware; 
cracking  of  terminal  board 

Blowers 

Brinelling  of  bearings 
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RECOMMENDED  V1BRO-ACOUSTIC  ENVIRONMENT  DESIGN  PRACTICES 
FOR  AMD  COMPONENTS 


This  chapter  comprises  a  list  of  design  recommendations  to  minimize  the  effects  of  the 
vibro-acoustic  environment  within  the  AMD. 

1.  Under  no  circumstances  shall  any  physical  component  (hardware,  conduit,  electrical 
panels/switches,  etc.)  be  attached  directly  to  any  wall  or  roof  panel  within  the  high  bay  area.  Exterior  wall 
panels  should  be  specified  to  have  external  fasteners  to  allow  visual  inspection  of  their  structural  integrity. 

2.  Maximum  spacing  between  internal  support  points  for  the  front  and  back  interior  door  panels 
is  not  expected  to  be  as  critical  as  was  first  thought.  Decreasing  support  spacing  increases  the  resonance 
frequency  and  hence  decreases  panel  deflection.  However,  the  acoustic  pressure  also  increases  with 
frequency  in  the  range  of  concern  to  effectively  nullify  selection  of  an  optimum  spacing.  More  important 
will  be  the  degree  of  vibration  damping  provided  by  the  door  construction  and  the  avoidance  of 
stress-concentration  points.  Damping  of  the  door  panels  will  be  enhanced  by  ensuring  that  the  thermal 
insulation  inside  the  door  cavities  is  packed  densely  enough  to  exert  some  positive  force  on  the  interior 
panels.  Good  engineering  practice  should  be  followed  for  fatigue-resistant  steel  construction,  such  as  that 
reprinted  in  Appendix  F  of  this  report. 

3.  Supports  for  piping  and  conduit  should  be  attached  to  wall  girts  away  from  their  center  points 
or  near  column  supports  if  not  directly  to  column  supports.  Components  hung  from  roof  joists  should  be 
located  near  the  ends  of  the  joists,  if  possible. 

4.  Some  items  supported  by  hangers  or  brackets  require  vibration  isolation  as  specified  in  Chapter 
8.  Ductwork  will  receive  loading  from  the  acoustic  field  and  its  supports  will  be  subject  to  fatigue,  similar 
to  the  exterior  wall  panels.  For  ductwork,  reliance  solely  on  sheet  metal  screws  to  maintain  joints  should 
be  avoided.  For  rough  design  guidance,  ductwork  joints  should  withstand  equivalent  static  pressures  of 
about  40  times  the  rms  acoustic  pressure  specified  in  Table  3.  More  details  are  included  in  Chapter  7. 

5.  HV  equipment,  even  though  it  may  have  significant  mass,  can  be  affected  by  vibro-acoustic  loads 
due  to  the  fact  that  its  exterior  is  made  up  of  large  metal  panels  that  may  be  subject  to  the  same  loading 
effects  as  the  exterior  building  wall  panels.  Care  should  be  taken  by  the  manufacturer  to  provide  adequate 
means  for  fastening  panels  and  that  no  small  components  are  directly  attached  to  the  centers  of  the  panels. 

6.  All  external  fasteners  must  be  captivated.  The  use  of  “loc-tite”  two-part  epoxies,  jet-fuel-resistant 
coatings,  or  other  means  may  be  acceptable;  however,  the  captivation  material  selected  must  remain 
flexible  with  time.  The  type  of  captivation  used  will  depend  on  the  item  being  secured;  if  an  item 
requires  periodic  maintenance,  a  removable  type  of  coating  must  be  specified.  The  fasteners  should  also 
be  accessible  for  visual  inspection.  All  washers  and  panel  clips  should  be  of  good  quality  to  prevent  sharp 
edges  that  produce  stress  concentrations. 

7.  Components  located  close  together  should  be  mounted  with  sufficient  “rattle  space”  to  avoid 
vibration-induced  contact  with  each  other  and,  hence,  development  of  high  internal  shock  loads  on  the 
equipment.  “Adequate”  rattle  space  can  be  assumed  to  be  about  three  times  the  peak  displacement  (at 
mounting  resonance  frequency)  of  either  item. 


‘This  material  includes  contributions  from  USACE  Omaha  District. 
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8.  Cantilevered  or  pendulum -type  mounting  brackets  or  designs  should  be  avoided  because  they 
are  very  prone  to  vibration-induced  fatigue  failure.  Chapter  43  of  R.V.  Waterhouse  (Waterhouse  1955) 
illustrates  typical  problems  and  solutions  for  the  mounting  of  inherently  flexible  components. 

9.  Any  equipment  located  on  ceiling  or  roof  structure  should  be  mounted  in  a  fail-safe  manner  as 
a  backup  for  possible  vibration-induced  loosening  of  primary  mounting  fasteners. 

10.  As  an  additional  precaution,  the  installation  of  a  foreign  object  damage  (FOD)  net  over  the 
engine  areas  should  be  considered,  to  prevent  the  ingestion  of  falling  objects  into  the  engines. 

11.  Greater  care  and  attention  to  vibration-resistant  design  should  be  exercised  for  components  at 
any  location  within  the  middle  two-thirds  of  each  AMD  high  bay  area  (i.e.,  within  about  ±  72  ft  of  the 
AMD  centerline).  This  general  region  will  experience  the  most  severe  vibro-acoustic  environment. 


84 


7  BUILDING  COMPONENT  RESPONSE  AND  STRENGTHENING  RECOMMENDATIONS 


Additional  recommendations  to  ensure  the  integrity  of  structural  and  nonstructural  building 
components  in  the  AMD  are  categorized  as  either  primarily  strengthening  or  primarily  isolating  measures. 
This  chapter  presents  both  individual  component  response  as  well  as  strengthening  and  stiffening 
recommendations.  (Component  isolation  recommendations  are  presented  in  Chapter  8.  Recommendations 
that  were  presented  in  earlier  chapters  are  not  repeated.) 


Hangar  Door  Panels 

Both  the  larger  west  side  hangar  doors  on  the  front  of  the  building,  and  the  smaller  east  side  hangar 
doors  on  the  back  of  the  building  will  be  open  during  the  maximum  operating  periods  of  the  vehicle.  The 
west  doors  will  not  be  exposed  to  the  large  acoustic  loads  because  they  roll  into  door  pockets,  out  of  the 
range  of  acoustic  pressures.  The  east  doors  however,  when  open,  roll  into  the  building  and  rest  against 
the  back  wall  of  the  facility.*  This  places  them  in  a  position  that  will  receive  high  acoustic  loading. 

Individual  door  panels  will  be  vibrating  out  of  phase  with  each  other,  so  that  the  overall  loading  on 
the  door  frame  and  supports  will  not  be  highly  significant.  The  door  frame  and  supports  will  not  need 
to  be  checked  for  acoustic  loading.  The  wind  load  (30  psf)  when  the  doors  are  closed,  then,  will  control 
the  design  of  the  door  frame  and  supports. 

Individual  door  panels  have  been  analyzed  for  the  worst-case  acoustic  environment  as  summarized 
in  Table  3.  This  analysis  assumed  the  individual  panels,  which  are  welded  to  the  door  frame,  are  simply 
supported  at  all  four  edges.  This  analysis  uses  the  procedure  presented  in  Appendix  H  and  the  spreadsheet 
extract  reproduced  in  Table  H8.  The  procedure  combines  the  vibration  response  of  the  panel  vibrating 
in  several  modes  at  the  same  time.  Only  those  modes  with  frequencies  less  than  1000  Hz  are  included 
in  this  analysis  because  vibration  at  higher  frequencies  will  have  a  negligible  effect  on  the  overall  panel 
response.  The  panels  were  analyzed  for  several  support  spacing  (panel  size)  and  panel  thickness  (t) 
conditions,  because  these  design  details  were  left  for  the  contractors  to  decide.  A  conservative  value  of 
30  was  used  for  the  dynamic  magnification  factor  (Q).  This  worst-case  condition  assumes  the  thermal 
insulation  in  the  door  cavity  is  poorly  packed.  However,  good  construction  practice  requires  the  cavity 
to  be  densely  packed.  Table  18  presents  the  results  of  this  analysis,  defining  the  peak  deflection  (Xpk), 
load  factor  (LF),  peak  stress  (o  k),  equivalent  static  pressure  (Ps),  long  side  maximum  and  average 
reaction,  short  side  maximum  ana  average  reaction,  and  recommended  interior  door  panel  gage  (Ga)  for 
each  panel  size  analyzed.  The  recommended  gage  is  based  on  displacement  considerations  and  a 
deflection  comparison  with  120.  The  calculated  peak  deflection  (Xpk)  normally  exceeds  L/120,  but 
because  of  the  low  stresses  this  is  acceptable  as  long  as  no  equipment  is  attached  to  these  panels.  Other 
panel  sizes  may  be  evaluated  by  interpolating  between  the  panel  sizes  listed  in  the  table.  The  interpolation 
should  be  based  on  the  smaller  dimension  of  the  panel.  The  panel  connections  to  the  door  frame  should 
be  checked  for  their  capacity  to  carry  the  maximum  reactions  listed  in  this  table.  If  bolts  rather  than  welds 
were  used  for  these  connections,  the  load  per  fastener  equals  the  maximum  reaction  per  foot  times  the 
spacing  between  fasteners  (in  feet).  The  door  frame  should  be  checked  against  the  average  reaction  acting 
on  the  frame  along  both  sides  of  the  panel.  When  two  adjacent  panels  are  supported  by  the  same  frame 
member,  the  load  acting  on  the  frame  is  twice  the  average  reaction  load  listed  in  the  table. 


‘Architectural  Drawings  No.  4,  5,  6,  9,  and  26  for  the  AMD. 
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Table  18 


Hangar  Door  Panel  Loading  (Q=30)’ 


Panel 

Size 

Rec** 

Ga. 

t 

(in.) 

(Hz) 

L/120 

(in.) 

V 

(in.) 

LF+ 

(g) 

°pk 

(psi) 

P, 

(psf) 

Short  Side 
Reactions 
Max  Avg 
(Ib/ftMIb/ft) 

Long  Side 
Reactions 
Max  Avg 
(lb/ft)(  lb/ft) 

108  x  72  in. 

9 

0.1495 

3.96 

0.60 

0.46 

1.9 

2500 

3.2 

6.0 

1.3 

14.0 

2.5 

10 

0.1345 

3.56 

0.60 

0.56 

1.8 

2800 

2.9 

5.3 

1.2 

11.7 

2.1 

11* 

0.1196 

3.17 

0.60 

0.71 

1.9 

3100 

2.5 

4.8 

1.2 

10.3 

1.9 

72  x  48  in. 

11 

0.1196 

7.13 

0.40 

0.32 

3.0 

3200 

5.8 

5.2 

1.3 

13.2 

0.8 

12 

0.1046 

6.23 

0.40 

0.41 

3.1 

3600 

5.1 

4.7 

1.2 

11.7 

2.4 

13 

0.0897 

5.35 

0.40 

0.56 

3.3 

4200 

4.4 

4.1 

1.1 

9.7 

2.0 

145 

0.0747 

4.45 

0.40 

0.81 

3.3 

5000 

3.6 

3.6 

0.9 

7.9 

1.6 

72  x  36  in. 

11 

0.1196 

10.97 

0.30 

0.23 

3.7 

3900 

10.7 

4.9 

1.3 

14.0 

3.1 

12 

0.1046 

9.59 

0.30 

0.27 

4.0 

4100 

8.1 

4.5 

1.2 

12.9 

2.7 

13 

0.0897 

8.23 

0.30 

0.37 

3.6 

4800 

6.9 

3.7 

1.1 

9.6 

2.1 

14§ 

0.0747 

6.85 

0.30 

0.53 

4.4 

5700 

5.7 

3.6 

0.9 

9.6 

2.0 

15 

0.0673 

6.17 

0.30 

0.65 

4.5 

6300 

5.2 

3.3 

0.9 

8.1 

1.7 

16 

0.0598 

5.48 

0.30 

0.82 

4.4 

7000 

4.6 

2.9 

0.8 

6.9 

1.5 

72  x  24  in. 

11 

0.1196 

21.93 

0.20 

0.13 

6.4 

4400 

11.4 

7.6 

1.9 

24.1 

6.1 

12 

0.1046 

19.18 

0.20 

0.16 

6.5 

4900 

9.6 

6.9 

1.7 

21.3 

5.2 

13 

0.0897 

16.45 

0.20 

0.22 

6.7 

5400 

7.9 

6.1 

1.5 

18.7 

4.4 

14§ 

0.0747 

13.70 

0.20 

0.31 

6.7 

6300 

6.4 

5.2 

1.3 

15.2 

3.6 

15 

0.0673 

12.34 

0.20 

0.38 

6.0 

6900 

5.7 

4.5 

1.2 

12.7 

3.1 

16 

0.0598 

10.97 

0.20 

0.47 

6.6 

7800 

5.0 

4.3 

1.1 

11.5 

2.8 

48  x  16  in. 

14 

0.0747 

30.82 

0.13 

0.15 

8.4 

7700 

34.0 

3.2 

1.1 

10.4 

2.8 

15 

0.0673 

27.77 

0.13 

0.18 

8.8 

8400 

30.1 

3.1 

1.1 

9.9 

2.5 

165 

0.0598 

24.68 

0.13 

0.23 

8.7 

9300 

26.2 

2.8 

0.9 

8.8 

2.3 

17 

0.0538 

22.20 

0.13 

0.28 

9.1 

10100 

23.2 

2.7 

0.9 

8.3 

2.0 

18 

0.0478 

19.72 

0.13 

0.35 

9.3 

11200 

20.3 

2.4 

0.8 

7.5 

1.9 

*  A  peak-to-random  ratio  (Fp)  of  2.15  was  used  in  calculating  the  peak  response,  and  a  fatigue  reduction  factor  (Ff)  of  0.75 
were  used  for  calculating  the  peak  deflection  (Xpk),  peak  stress  (0-k).  equivalent  static  pressure  (Ps)  and  reactions. 

**  The  section  symbol  (§)  designates  the  gage  (Ga)  recommended  by  USACERL  for  the  particular  panel  size.  The  other  gage 
panels  illustrate  the  impact  of  thickness  on  panel  response. 

***  Frequency  (fj)  of  the  panel  fundamental  mode  of  vibration, 
t  The  load  factor  (LF)  contains  only  the  peak-to-rms  ratio  (Fp)  of  2.15. 


Personnel  Door 

The  personnel  doors  measure  3  ft  x  7  ft.  They  are  1.75  in.  thick  hollow  metal  with  pressed  metal 
frames.*  The  doors,  door  frames,  and  fasteners  should  be  designed  for  an  equivalent  static  pressure  equal 
to  that  applied  to  the  wall  panels.  This  is  a  conservative  design  requirement,  and  the  value,  ±  32  ps.  is 
taken  from  Table  5.  If  the  doors  are  rated  for  sound  control,  this  requirement  should  not  be  a  problem. 


’Architectural  Drawing  No.  10  for  the  AMD. 
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Roof  Deck 


The  dynamic  behavior  of  the  roof  truss/deck  system  is  needed  for  two  reasons:  (1)  to  evaluate  the 
overall  dynamic  response  of  the  roof  system  and  (2)  to  evaluate  the  support  conditions  for  the  HV  unit. 

Dynamic  Response  of  the  Roof  System 

A  finite  element  modal  analysis  of  roof  truss  4  was  conducted  to  evaluate  the  overall  dynamic 
response  of  the  roof  system.  Truss  4  spans  from  the  front  to  the  back  of  the  building.*  The  vertical 
flexural  modes  of  vibration  of  this  truss  should  be  representative  of  the  overall  building  roof.  The  surface 
density  of  roofing  is  (steel  deck)  2.2  psf  plus  (insulation  plus  EPDM  membrane)  3.5  psf  plus  (fire 
protection  piping)  0.2  psf,  which  equals  5.9  psf.  The  distributed  weight  of  the  bar  joists,  spaced  at  5.7 
ft,  vary  from  0.9  psf  to  1.7  psf  (as  explained  in  Table  H4).  These  together  result  in  a  dead  load  of  6.8 
to  7.6  psf.  Additional  dead  load  comes  from  the  hot- water-heating  pipe,  steam  and  condensate  pipes, 
ductwork,  exhaust  fans,  light  fixtures,  roof  trusses  spanning  north  to  south,  truss  bracing,  horizontal  wind 
braces,  and  vertical  support  and  monorail  system.  Trusses  4,  5,  and  6  should  have  reasonably  similar 
natural  frequencies,  even  though  trusses  5  and  6  have  heavier  members  and,  thus,  a  stiffer  system  (because 
they  support  the  additional  mass  of  the  draft  curtain).  With  these  additional  loads,  the  minimum  total  dead 
load  is  estimated  to  be  8  psf;  the  maximum  dead  load  is  15  psf. 

Table  19  shows  the  natural  frequencies  of  truss  4  for  the  truss  by  itself  and  with  roof  dead  loads 
of  8  and  15  psf.  For  both  the  8  and  15  psf  dead  loads,  the  weight  of  the  truss  itself  is  also  included. 
Figure  36  illustrates  the  displaced  shape  of  roof  truss  4  vibrating  in  the  modes  indicated. 

Table  H4  indicates  that  individual  roof  panels  have  a  fundamental  natural  frequency  of  about  10  Hz. 
Mode  8  in  Figure  36  and  Table  19  has  the  shape  that  would  correspond  to  a  mode  that  could  be  excited 
through  the  vibration  of  an  individual  roof  panel.  Table  19  indicates  that  this  mode  has  natural 
frequencies  of  69.2  Hz  for  the  truss  alone,  36.5  Hz  for  the  8  psf  dead  load,  and  28.3  Hz  for  the  15  psf 
dead  load.  This  indicates  that  the  roof  truss  system  is  too  stiff  to  be  excited  in  a  resonant  condition 
through  vibration  of  the  roof  panels.  Building  motions  will  only  be  generated  through  exciting  elements 
with  large  lightweight  surface  areas,  such  as  the  roof  panels  or  wall  panels.  Thus  these  results  demonstrate 
that  the  overall  building  will  not  be  excited,  but  rather  individual  roof  panels  and  the  supporting  truss 
members  will  be  excited  to  a  limited  degree,  as  indicated  in  Tables  6  and  H6. 


HV  Unit  Dynamic  Behavior 

An  additional  finite  element  modal  analysis  was  conducted  on  roof  truss  C  to  determine  the  modal 
response  of  the  roof  truss  system  supporting  the  HV  unit.  Truss  C  spans  north  to  south  on  the  west  side 
of  the  HV  unit.**  Truss  D  also  spans  north  to  south,  but  on  the  east  side  of  the  HV  unit.  Two  W8  x 
28  beams  span  between  trusses  C  and  D  to  support  both  the  HV  unit  and  its  maintenance  catwalk.  This 
finite  element  model  includes  only  the  two  bays  near  the  HV  units,  as  only  this  portion  of  the  truss  is 
needed  to  define  the  dynamic  response  of  the  roof  truss  in  the  region  of  the  HV  unit.  Figure  37  shows 
the  finite  clement  model  for  this  analysis.  The  natural  frequencies  of  this  roof  truss  system  in  the  vertical 
flexural  modes  are  shown  ;n  Table  20.  These  results  were  used  in  the  analysis  of  the  HV  unit  support 
system  in  Appendix  H. 


Structural  Drawing  No.  14  for  the  AMD. 
Structural  Drawing  No.  12  for  the  AMD. 
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Table  19 


Truss  4  Natural  Frequencies  (Hz) 


Mode  No. 

Truss  Alone 

8  psf 

15  psf 

1 

8.1 

3.9 

3.1 

2 

19.1 

10.0 

8.0 

3 

21.1 

15.0 

11.8 

4 

30.4 

18.9 

16.1 

5 

42.1 

20.9 

19.1 

6 

55.9 

27.6 

22.1 

7 

61.3 

31.2 

24.6 

8 

69.2 

36.5 

28.3 

9 

78.0 

39.0 

30.1 

10 

87.9 

46.6 

36.7 

11 

92.9 

55.6 

43.3 

12 

95.9 

59.6 

57.5 

Node  l,  8.0999 8D+00  Hz. 


Node  3,  2 . 10681D+01  Hz. 


Node  8#  6.92070D+01  Hz. 


Figure  36.  Modal  vibration  of  roof  truss  4. 


Mode  6,  3 . 17453D+01  Hz. 


Figure  37.  Modal  vibration  of  roof  truss  C. 
Table  20 

Natural  Frequencies  for  Roof  Truss  C 


Mode  Number  Frequency 


1  24.6  Hz 

2  32.0  Hz 

3  55.4  Hz 

4  72.1  Hz 


Ductwork 

Both  the  north  and  south  sides  of  the  maintenance  bays  have  an  HV  unit  and  ductwork  system.* 
The  air  intakes  are  on  the  north  and  south  walls  in  the  roof  truss  area,  and  HV  unit  rests  on  two  W8  x 
28  support  beams  about  6  ft  in  from  the  wall.  Each  HV  unit  has  a  36  x  36  in.  duct  that  runs  horizontally 
from  this  unit  in  the  roof  truss  area  and  branches  out  to  smaller  ducts.  Each  of  the  smaller  ducts  lead  to 
the  building  walls,  where  they  drop  down  to  air  diffusers  about  9  ft  above  the  facility  floor.  Other  ducts 
pull  air  from  an  exhaust  grille  near  the  floor,  up  the  walls  to  the  roof,  and  out  an  exhaust  fan  on  the  roof. 
Still  other  ducts  ventilate  trenches  and  fuel  vaults  in  the  floor  with  a  duct  that  runs  up  the  wall  to  an 
exhaust  fan  on  the  roof.  The  horizontal  ducts  in  the  roof  truss  area  are  supported  by  the  bar  joists,  and 
the  vertical  ducts  are  supported  by  the  wall  girts.  The  horizontal  ducts  will  be  supported  off  of  every 
other  bar  joist  at  approximately  133  in.  on  center,  and  the  vertical  ducts  will  be  supported  by  every  wall 
girt  at  a  maximum  of  90  in.  on  center. 


‘Mechanical  Drawings  No,  1,3,10,11,25,26,27,28,  and  29  for  ihe  AMD. 
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Duct  Gage  Thickness 

Standard  duct  gage  thickness  according  to  National  Fire  Protection  Association  (NFPA)  Standard 
91  (NFPA  1990,  par.  3-3.3)  is  as  follows: 

•  Up  to  8  in.  —  24  gage 

•  8  to  18  in.  —  22  gage 

•  1 8  to  30  in.  —  20  gage 

•  Over  30  in.  —  18  gage. 

Table  10  presents  the  vibro-acoustic  response  of  several  sizes  of  18  gage  ductwork,  including  the  effects 
of  diffracted  sound  propagation  to  the  back  side  of  the  duct  and  sound  transmission  through  the  duct  (see 
Appendix  H).  Those  ducts  shown  in  Table  10  are  only  for  18  gage  duct  skin. 

An  additional  analysis  for  the  response  of  duct  panels  was  conducted  for  vertical  ducts  up  against 
an  exterior  wall  and  horizontal  ducts  in  the  roof  truss  area  where  diffraction  will  have  an  impact,  because 
the  sound  wave  is  free  to  load  the  duct  from  the  back  side.  (See  Appendix  H  for  a  discussion  on  diffrac¬ 
ted  sound  wave  propagation.)  Therefore,  the  vertical  duct  analysis  does  not  include  the  effect  of  diffrac¬ 
tion,  but  diffraction  is  included  for  the  horizontal  ducts.  This  analysis  combines  the  response  of  the  panel 
vibrating  in  several  modes  at  the  same  time.  Only  those  modes  with  frequencies  less  than  1000  Hz  are 
included  in  this  analysis  because  vibration  at  higher  frequencies  will  have  a  negligible  effect  on  the  overall 
panel  response.  This  analysis  also  considers  the  response  of  ducts  with  wall  thicknesses  (t)  other  than  18 
gage.  Table  21  (a  and  b)  summarizes  this  analysis  in  a  similar  manner  as  Tables  10  and  H12.  The  table 
provides  the  peak  displacement  (X_k),  load  factors  (LF),  peak  stress  (opk),  equivalent  static  pressure  (Ps) 
and  support  reactions,  for  ductwork  at  various  gages.  The  load  acting  on  the  duct-support  frame  is  twice 
the  average  reaction  load  where  two  adjacent  ducts  are  supported  by  the  same  frame  member. 

Duct  Connection  Details 

Even  with  the  recommended  increase  in  duct  thickness,  the  peak  deflections  still  exceed  the 
normally  accepted  deflection  of  the  panel  width  divided  by  120.  The  high  deflections  indicate  the 
potential  for  fatigue  damage  at  points  of  stress  concentrations.  For  the  ducts,  the  most  vulnerable  location 
will  be  at  the  joints.  With  this  concern  in  mind,  the  following  joint  detail  is  recommended  to  both 
strengthen  the  joints  and  provide  some  damping. 

Ductwork  joints  should  be  reinforced  and  attached  with  the  following  procedure: 

1.  A  five  in.  wide  reinforcing  collar  S-strap  of  at  least  twice  the  thickness  of  the  duct  base  metal, 
preattached  by  spot  welding,  should  be  put  in  place  around  the  entire  outside  perimeter  of  one  edge  of  the 
two  ducts  being  joined  together. 

2.  In  the  field,  apply  three  beads  of  silicon  caulking  around  the  perimeter  on  the  surface  of  this 

strap. 

3.  The  adjoining  ductwork,  with  its  ends  slightly  flared  out,  are  then  brought  over  the  reinforced 
end  of  the  other  duct,  creating  a  lap  joint  of  five  in. 

4.  Wired  sheet  metal  screws  should  be  used  to  fasten  together  all  three  thicknesses  of  sheet  metal 
in  the  lap  joint  area. 

Figure  38  illustrates  this  duct  connection  recommendation. 
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Table  21 


Ductwork  Loading  and  Motion 


a.  Horizontal  (Q=30)* 


Support  Reactions  (lb/ft)* 


Panel  Size  Along  the  Along  the 


Duct  Size 
(in.) 

W 

(in.) 

L“ 

(in.) 

Ga*** 

<fl)f 

(Hz) 

W/120  Xpk* 
(In.)  (In.) 

LFlf 

(g) 

°Pk* 

(psi) 

Ps* 

(psf) 

Long  Duct 
Edge 

Duct  Support 

22  x  20 

20 

133 

16 

14.5 

0.167 

0.40 

17.4 

13300 

23.0 

68 

156 

18s 

11.6 

0.52 

23.7 

15900 

17.0 

80 

171 

20 

8.7 

0.77 

24.0 

27500 

17.0 

74 

128 

22  x  20 

22 

133 

16 

12.1 

0.183 

0.42 

18.8 

12900 

18.0 

85 

169 

24  x  22 

18s 

9.6 

0.49 

16.9 

11200 

10.0 

74 

121 

20 

7.2 

0.66 

23.4 

13000 

6.7 

84 

127 

24  x  22 

24 

133 

14 

12.1 

0.200 

0.34 

13.9 

10000 

19.0 

86 

155 

24  x  24 

16* 

10.2 

0.43 

16.0 

10400 

12.0 

89 

144 

18 

8.1 

0.50 

17.8 

10100 

8.0 

98 

128 

30  x  30 

30 

133 

14 

8.3 

0.250 

0.33 

10.3 

6200 

8.0 

99 

116 

16* 

6.6 

0.42 

11.6 

7100 

6.0 

100 

104 

18 

5.3 

0.53 

13.5 

8200 

4.0 

103 

97 

36  x  36 

36 

133 

14 

5.9 

0.300 

0.35 

7.9 

5100 

4.0 

110 

89 

16* 

4.7 

0.45 

9.5 

6300 

3.0 

114 

85 

18 

3.8 

0.57 

9.5 

7700 

3.0 

101 

68 

14  x  8 

8 

90 

16 

89.5 

0.067 

0.07 

14.7 

10500 

111.9 

13. 

90. 

18* 

71.6 

0.11 

19.0 

13700 

93.5 

14. 

93. 

20 

53.7 

0.19 

29.0 

19900 

76.5 

17. 

106. 

16  x  10 

10 

90 

16 

57.6 

0.083 

0.11 

16.9 

11500 

79.1 

20. 

103. 

18* 

46.0 

0.17 

21.7 

15300 

66.7 

22. 

106. 

20 

34.6 

0.29 

27.3 

20200 

49.9 

25. 

100. 

16  x  12 

12 

90 

16 

40.2 

0.100 

0.15 

16.8 

12100 

57.6 

28. 

102. 

18* 

32.1 

0.23 

20.4 

15000 

45.8 

29. 

99. 

20 

24.1 

0.40 

26.8 

19700 

33.8 

33. 

98. 

The  dynamic  magnification  factor  (Q)  for  all  ductwork  panel  response  calculations  is  conservatively  taken  as  30. 

All  horizontal  duct  calculations  are  for  133  in.  spacing  between  supports  and,  thus,  a  133  in.  length  for  the  panel  response 
calculations. 

The  gage  recommended  by  USACERL  for  the  particular  duct  panel  width  is  designated  by  a  section  symbol  (§).  The  other 
gage  due's  illustrate  the  impact  of  panel  thickness  on  the  response.  The  last  duct  gage  for  each  panel  width  is  the  gage 
required  by  NFPA  91.  paragraph  3-3.3;  thus,  USACERL  is  recommending  an  increase  in  panel  thickness  for  each  duct. 

+  Frequency  (f, )  of  the  panel  fundamental  mode  of  vibration. 

*  A  pcak-to-rms  ratio  (Fp)  of  2.15  and  a  fatigue  reduction  factor  (Fr)  of  0.75  were  used  for  calculating  the  peak  displacement 
(Xp)(),  peak  stress  (opk),  equivalent  static  pressure  (Ps),  and  support  reactions. 

I+  A  peak-to-rms  ratio  (Fp)  of  2.15  was  used  in  calculating  the  load  factor  (LF). 
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Table  21  (Cont’d) 


b.  Vertical  (Q=30)* 


Reactions  tib/ft)* 


Panel  Size  Along  the  Along  the 


Duct  Size 
(in.) 

W 

(In.) 

L“ 

(in.) 

Ga*** 

<'|)f 

(Hz) 

W/120  Xpk* 
(in.)  (in.) 

LF,f 

(g) 

°pW* 

(psl) 

Ps* 

(psf) 

Long  Duct 
edge 

Duct  Support 

14  x  8 

14 

90 

16 

29.7 

0.117 

0.20 

16.2 

11900 

41.6 

34. 

99. 

18* 

29.7 

0.25 

20.3 

14900 

33.3 

34. 

103. 

20 

17.8 

0.51 

23.0 

18000 

22.7 

39. 

84. 

16  x  12 

16 

90 

16 

29.7 

0.133 

0.20 

16.2 

11800 

31.7 

38. 

99. 

18* 

18.3 

0.38 

17.5 

13500 

23.2 

43. 

85. 

20 

13.8 

0.65 

19.2 

16500 

16.0 

42. 

70. 

24  x  24 

24 

90 

11 

13.2 

0.200 

0.32 

8.7 

750C 

14.3 

56. 

66. 

14* 

10.6 

0.49 

9.4 

9000 

10.9 

56. 

57. 

16 

8.5 

0.68 

10.3 

10300 

8.0 

54. 

50. 

42  x  16 

42 

90 

11 

7.8 

0.350 

0.29 

3.7 

3700 

6.7 

77. 

45. 

14* 

4.9 

0.73 

4.1 

5800 

4.2 

61. 

31. 

16 

3.9 

1.15 

4.7 

7200 

3.3 

63. 

29. 

50  x  16 

50 

90 

11 

6.0 

0.417 

0.38 

2.7 

3400 

4.9 

67. 

33. 

14* 

3.7 

0.97 

4.4 

5100 

2.9 

106. 

34. 

16 

3.0 

1.60 

4.5 

10700 

3.8 

72. 

27. 

36  x  12 

36 

90 

11 

10.2 

0.300 

0.25 

4.4 

4200 

9.7 

72. 

54. 

14* 

6.4 

0.57 

4.4 

6000 

5.6 

46. 

33. 

16 

5.1 

0.89 

4.9 

7600 

4.4 

40. 

30. 

54  x  12 

54 

90 

11 

5.3 

0.450 

0.42 

2.7 

3300 

4.4 

77. 

33. 

14* 

3.3 

1.09 

3.7 

5300 

2.7 

75. 

28. 

16 

2.7 

1.70 

4.2 

6600 

2.2 

75. 

26. 

72  x  12 

72 

90 

11 

3.6 

0.600 

0.63 

2.4 

2900 

2.9 

91. 

29. 

14* 

2.2 

1.68 

2.4 

9600 

3.8 

12. 

18. 

16 

1.8 

2.50 

3.7 

5700 

1.4 

70. 

22. 

The  dynamic  magnification  factor  (Q)  for  all  ductwork  panel  response  calculations  is  conservatively  taken  as  30. 

All  horizontal  duct  calculations  are  for  133  in.  spacing  between  supports  and,  thus,  a  133  in.  length  for  the  panel  response 
calculations. 

The  gage  recommended  by  USACERL  for  the  particular  duct  panel  width  is  designated  by  a  section  symbol  (§).  The  other 
gage  ducts  illustrate  the  impact  of  panel  thickness  on  the  response.  The  last  duct  gage  for  each  panel  width  is  the  gage 
required  by  NFPA  91,  paragraph  3-3.3;  thus,  USACERL  is  recommending  an  increase  in  panel  thickness  for  each  duct. 

*  Frequency  ( f t )  of  the  panel  fundamental  mode  of  vibration. 

*  A  pcak-to-rms  ratio  (Fp)  of  2.15  and  a  fatigue  reduction  factor  (Ff)  of  0.75  were  used  for  calculating  the  peak  displacement 
(Xpk),  peak  stress  (o  k),  equivalent  sialic  pressure  (Ps),  and  support  reactions. 

A  pcak-to-rms  ratio  (Fp)  of  2.15  was  used  in  calculating  the  load  factor  (LF). 
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Figure  38.  Duct  connection  detail. 


Longitudinal  Duct  Seams.  The  longitudinal  seams  should  be  constructed  of  heavy-duty  interlocking 
lap  seams. 

Flexible  Joint  Between  HV  Unit  and  Ductwork,  The  joint  between  HV  unit  and  ductwork  should 
include  a  flexible  connection  to  isolate  the  movement  of  the  two  systems  from  each  other. 


Control  Panels 

The  maintenance  bays  of  the  AMDs  will  contain  control  panels  for  the  consolidated  aircraft  support 
structure  (CASS),  gaseous  nitrogen  remote  panels,  receptacle  cabinets,  contactor  control  cabinets,  and 
power  panels.  These  panels  may  be  contained  in  explosion-proof  boxes,  which  would  protect  sensitive 
items  from  the  acoustic  environment.  They  should  be  mounted  on  a  frame  supported  directly  by  the  floor, 
independent  of  the  walls,  and  at  a  height  from  which  a  person  can  operate  diem. 

US  ACERL  recommends  that  these  panels,  their  supports,  and  connections  be  conservatively  designed 
for  an  equivalent  static  load  of  32  psf  applied  over  the  face  of  the  panels.  This  is  the  same  load  as  given 
for  the  wall  panels  in  Table  5. 


Fire  Protection  Oscillating  Monitor  Nozzles 

The  fire  protection  monitor  nozzles  will  be  mounted  to  the  floor  in  the  maintenance  bays.  The 
nozzles  themselves  should  be  designed  for  vibrations  due  to  changes  in  water  pressure,  which  would  be 
much  greater  than  those  produced  from  the  acoustic  environment.  Therefore,  the  only  concern  for  this 
system  is  for  the  mounting  supports.  If  the  nozzles  are  mounted  to  the  floor  there  will  be  no  problem. 
However,  if  they  are  attached  to  a  wall,  the  supports  must  be  designed  for  the  appropriate  load  factor  at 
the  location  they  are  to  be  attached.  For  example,  if  attached  to  a  column  on  the  back  wall,  the  acoustic 
horizontal  reaction  loads  (Rh),  using  Table  6,  become: 


Rh  =  Nozzle  Weight  x  5.4(. 


50351b 


50351b  +  Nozzle  Weight 


) 


[Eq  23] 


Also  the  supports  must  be  designed  for  potential  eccentric  loading  that  would  cause  bending  moment 
or  torsional  loads  in  the  support  members. 


Louvers  and  Dampers 

A  number  of  louvers  and  dampers  are  located  above  both  the  front  and  back  AMD  doors.*  The 
back  door  has  the  larger  louver  and  dampers.  Each  36  ft  wide  wall  section  supports  three  72  by  48  in. 
louvers  and  one  60  by  48  in.  louver.  The  total  louver  and  damper  system  weight  including  the  framing 
is  taken  as  10.5  psf,*  which  results  in  louver  and  panel  weights  of  252  lb  and  210  lb,  for  the  72  by  48 
in.  and  60  by  48  in.  panels  respectively.  The  louver  and  damper  supports  will  frame  into  the  wall  girts. 
The  units  and  their  supporting  elements  must  be  designed  for  the  wall  girt  load  factor  (8  g  from  Table  6) 
times  the  component  weight.  A  mass  loading  reduction  for  the  weight  of  the  louvers,  minus  the  weight 
of  the  removed  wall  panel,  will  reduce  the  load  factor.  The  30  by  72  in.  wall  panel  weighs  52  lb,  so  the 


Mechanical  Drawings  No.  1  and  3  (including  Note  1 )  for  the  AMD. 

From  telephone  conversation  with  Mr.  Kevin  Howe,  USACE  Omaha  District  Special  Projects  Branch,  in  April  1989. 
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removed  wall  panel  weights  arc  83  lb  and  69  lb  for  the  72  by  48  in.  and  60  by  48  in.  panels,  respectively. 
The  effective  weight  of  the  wall  panel  above  the  back  door  increase  from  the  715  lb  (in  Table  6)  to  1662 
lb.  This  increase  is  due  to  the  presence  of  two  W10  x  33  wall  girts  for  a  single  wall  section,  and  the 
increased  span  of  the  wall  girts  from  25  to  36  ft.  Thus  the  total  horizontal  reaction  (RH)  normal  to  the 
wall,  for  a  single  72  by  48  in.  louver  and  damper,  becomes: 

Ru  =2521bx8x| _ ?6^llh _ 1  =  14501b  | Eq  241 

H  1662  lb  +  3  x(252  lb  -83  lb) +2 101b -691b 


Wall  Mounted  Emergency  Shower  and  Eye  Wash 

Emergency  showers  and  eye  wash  arc  attached  to  the  side  walls  of  each  bay  in  the  AMD.*  The 
supports  and  pipe  connections  should  be  designed  for  the  load  factor  (Table  6)  and  peak  deflection  (Table 
5)  of  the  structural  member  to  which  it  is  attached.  For  example,  if  the  shower  is  attached  to  the  girts  on 
the  side  wall,  the  support  members  and  connections  should  be  designed  for  the  following  horizontal  load 

(Rh>: 


Rh  =  8  x  Shower  Weight 

The  supports  and  connections  must  also  be  designed  for  any  eccentric  loading.  The  showers  should 
be  attached  to  structural  members.  However,  if  they  are  attached  to  the  wall  panels  themselves,  not  only 
must  they  be  designed  for  the  increased  load  factor,  but  must  also  be  flexible  enough  to  accommodate  the 
peak  wall  panel  deflection  given  in  Table  5. 


Carbon  Monoxide/Carbon  Dioxide  Detector  Sensors 

Carbon  monoxide/carbon  dioxide  detector  (C0/C02)  sensors  arc  located  below  the  roof  deck 
approximately  6  ft  inside  the  comers  of  the  draft  curtain.  The  supports  for  these  units  must  withstand  the 
5.2  g  load  factor  listed  in  Table  6  for  the  roof  panel/bar  joist.  Conduit  and  other  connection  details  should 
follow  the  recommendations  presented  in  Chapter  8.  These  sensors  should  also  pass  the  acoustic  and 
vibration  test  environment  described  in  Chapter  4.  The  appropriate  acceleration  power  spectral  density 
(APSD)  plot  for  these  sensors  is  for  the  roof  dcck/bar  joist  location,  and  is  defined  in  Figure  30a. 


Thermostats  and  Other  Small  Controls 

Thermostats  and  other  small  controls  arc  attached  to  the  wall  panels  in  many  locations  of  the  AMD. 
These  items  and  their  connections  must  withstand  the  loads  of  their  self  weight  multiplied  by  the 
appropriate  load  factor  taken  from  Table  6.  Items  attached  directly  to  the  wall  panels  should  be  designed 
for  a  load  normal  to  the  panel  surface  of  their  self  weight  multiplied  by  a  load  factor  of  17.  The  load  for 
motion  in  the  plane  of  (he  panel  will  be  one  half  the  load  normal  to  the  panel.  In  addition,  these  controls 
must  withstand  the  environment  described  in  Chapter  4  for  the  acoustic  and  vibration  test  specifications. 
Conduits  and  connections  should  follow  the  recommendations  provided  below  in  the  section  “Conduit. 
Connectors.  Fittings,  and  Mineral-Insulated  Cable.” 


*  Mechanical  Drawings  No  5,  ft  ami  7  for  the  AMD 
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Miscellaneous  Detectors,  Switches  and  Other  Electrical  Equipment 

Ultraviolet/infrarcd  (UV/IR)  detectors,  heat  detectors,  pull  stations,  abort  stations,  receptacles, 
disconnect  switches,  and  miscellaneous  switches  for  lights,  alarm  bells,  homs,  and  lights  are  located  at  the 
AMD  trusses,  roof  deck,  and  walls.  These  items  should  be  designed  for  the  appropriate  load  factor  given 
in  Table  6a,  and  the  environment  described  in  Chapter  4  for  acoustic  and  vibration  test  specifications. 


Conduit,  Connectors,  Fittings,  and  Mineral-Insulated  Cable 

On  the  exterior  of  the  building,  mechanical  equipment  is  attached  by  conduit  to  control  panels  on 
the  building  interior.  The  panels  on  the  inteiior  are  framed  into  the  wall  girts  at  7  ft,  6  in.  and  the  floor 
at  the  base.  The  conduit  of  concern  will  pass  through  the  wall  panel  at  7  ft  above  the  floor.  The  spacing 
between  the  wall  panel  and  connection  to  the  unit  outside  the  building  will  be  at  least  2  ft.  The  wall 
panels  and  girt  will  vibrate  horizontally  normal  to  the  direction  of  the  pipe,  thus  driving  the  control  panel 
and  in  return  forcing  compression  and  tension  loading  on  the  conduit. 

A  flexible  connection  between  the  conduit  and  mechanical  equipment  outside  the  buildings  should 
be  provided,  which  will  allow  at  least  1/4  in.  of  axial  motion.  A  sleeve  for  the  wall  panel  should  be 
provided  where  conduit  passes  through  to  mechanical  equipment  that  will  allow  the  conduit  to  move  freely 
at  least  1/4  in.  axially.  The  conduit  should  first  run  parallel  to  the  wall  with  a  90-degree  bend  before 
penetrating  the  wall.  Figure  39  illustrates  this  recommendation. 


Figure  39.  Detail  for  attaching  conduit  to  mechanical  equipment. 


9ft 


r 


Numerous  other  conduit,  connectors,  fittings,  and  cables  are  located  in  the  roof  truss  area  and 
attached  to  the  walls.  This  conduit  should  generally  run  along  primary  structural  members  and  rest  on 
these  members  to  provide  continuous  support,  such  as  against  the  fillet  of  a  column  or  girt.  Conduit 
should  never  run  right  up  to  a  light  fixture,  sensor  controls,  or  other  electrical  units,  but  should  instead 
provide  a  short  piece  of  flexible  cable  to  allow  some  differential  movement.  Conduit  attachments  should 
never  be  near  bends  in  the  conduit  (elbows  or  tees).  The  following  spacing  between  bends  and 
attachments  are  recommended: 

•  3/4  in.  -  1  1/4  in.  conduit  —  2  ft  spacing 

•  1  1/2  in.  -  2  1/2  in.  conduit  —  4  ft  spacing 

Conduit  and  cable  attachments  should  be  capable  of  carrying  the  weight  of  the  cable  multiplied  by 
the  appropriate  load  factor  of  that  member  to  which  it  is  attached.  Figure  40  provides  examples  of  good 
and  poor  flexible  cable  connection  detailing. 


Combustible  Vapor  Sensors 

Combustible  vapor  sensors  will  be  located  in  the  front  trench  drain,  rear  trench  drain,  wing  tip  trench 
drain,  and  fuel  vault.  Acoustical  vibration  in  the  trench  drains  will  be  negligible,  but  these  sensors 
should  still  be  qualified  according  to  the  acoustic  test  specification  described  in  Chapter  4. 


(D) 


GOOD 


POOR 


(E) 


(Source:  Geiger  1953.) 


Figure  40.  Examples  of  good  and  poor  flexible  cable  connection  details. 


'Mechanical  Drawings  No.  1  and  3  (Note  2)  for  the  Aircraft  Maintenance  Dock. 


97 


8  BUILDING  COMPONENT  VIBRATION  ISOLATION  RECOMMENDATIONS 


Several  components  should  be  isolated,  both  to  protect  the  equipment  being  isolated  and  reduce  the 
loads  on  the  building.  This  chapter  provides  isolation  recommendations  and  supporting  analysis  for  these 
components.  Table  22  provides  a  overall  summary  of  the  vibration  isolation  recommendations.  The 
dynamic  response  of  every  item  shown  in  Table  22  incorporates  the  effects  of  mass  loading,  as  discussed 
in  Chapter  4.  Mass  loading  reduces  the  supporting  member  motion  by  the  ratio  of  Wm/(Wt  +  Wm).  We 
is  the  total  weight  of  equipment  being  attached  to  the  supporting  member  including  the  item  being 
isolated,  and  Wm  is  the  effective  weight  of  the  mounting  structure,  as  defined  in  Table  6  and  Appendix 
H.  The  following  sections  give  the  necessary  background  to  support  these  recommendations.  A  detailed 
description  for  the  roof  truss  brace  supports  is  given  in  the  first  section,  and  this  same  procedure  is 
repeated  for  other  isolated  items.  The  sections  for  these  other  items  will  include  only  summarizing 
information  and  details  that  are  unique  to  them.  The  isolated  items  in  Table  22  are  grouped  into  those 
items  supported  by  the  roof  bar  joists,  those  items  supported  by  the  wall  girts,  and,  lastly,  those  items 
supported  by  the  roof  truss. 

The  vibration  isolation  recommendations  are  based  on  the  understanding  that  the  support  points  will 
vibrate  at  well  understood  minimum  frequencies  based  on  the  lowest  natural  frequency  of  the  supporting 
system  that  is  being  driven  by  acoustical  loading.  For  example,  most  of  the  items  being  isolated  are 
supported  at  either  the  roof  bar  joists  or  wall  girts,  where  these  members  will  have  a  lowest  mode  of 
vibration  at  those  frequencies  defined  by  the  roof  panel/bar  joist  or  wall  panel/wall  girt  dynamic  response 
(as  defined  in  Appendix  H).  One  of  the  most  important  factors  for  properly  designing  the  vibration 
isolation  system  is  the  minimum  weight  of  the  system.  This  is  especially  true  when  isolators  with  very 
low  damping  are  used,  such  as  those  recommended  here.  For  most  of  the  items,  a  good  idea  of  the 
minimum  load  was  clear.  However  close  attention  should  be  paid  to  the  minimum  weight  values  given 
in  Table  22a  through  22c,  or  the  minimum  length  of  ducts  and  pipes  defined  in  the  following  sections. 
One  unfamiliar  with  vibration  isolation  may  think  that,  if  unsure,  provide  an  extra  support.  However,  it 
may  be  better  to  overload  an  isolator  rather  than  underload  it.  If  underloaded,  the  isolation  benefits  will 
diminish,  and  in  the  extreme  condition,  the  intended  isolation  system  could  actually  resonate  at  the  natural 
frequency  of  the  support  motion. 

Appendix  J  provides  the  background  and  discussion  for  the  qualification  of  alternate  isolators  that 
exceed  the  maximum  stiffness  requirements  presented  in  this  chapter  and  summarized  in  Table  22. 


Horizontal  Wind  Braces 

The  bottom  cord  of  the  roof  truss  system  is  braced  with  several  crossing  double  angle  members.* 
The  angle  members  are  intended  to  transfer  the  windload  through  the  truss  system  at  the  bottom  cord 
level.  These  are  very  slender  members  and  are  only  designed  for  tensile  load,  so  buckling  is  not  a 
concern.  These  members  are  not  stiff  enough  vertically  to  carry  their  own  load  without  excessive 
deflections.  As  an  example  of  such  excessive  deflections,  the  braces  crossing  between  roof  truss  4  and 
5,  and  C  and  D,  would  deflect  7  in.  under  their  own  dead  weight,  assuming  pinned  connections  to  the 
bottom  cords  of  these  trusses.  Because  of  these  excessive  deflections,  a  pipe  support  will  be  installed  from 
the  crossing  point  of  the  braces  up  to  the  roof  bar  joist  above. 


‘Structural  Drawings  No.  8  (including  Note  1),  9.  and  44  for  the  AMD. 
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Table  22 

Support  Condition  Specifications 

a.  Items  Supported  at  Root  Bar  Joists 


Item 

Wmin 

(lb) 

Wm„  T 

(lb) 

'd 

(Hz) 

'» 

(Hz) 

(lb/in.) 

4 

“eft 

(g) 

V»„ 

(lb) 

(lb) 

Iso 

Type 

Horizontal  Wind  Truss  Support  (single 
One  bar  joist  (BJ)  482  1009 

isolator) 

0.2 

9.85 

4.02 

797 

0.005 

0.269 

1280 

271 

E 

Three  BJ 

482 

1009 

0.2 

9.85 

4.02 

797 

0.005 

0.395 

1408 

399 

E 

Three  BJ 

482 

1009 

0.23 

9.85 

4.26 

894 

0.005 

0.396 

1409 

400 

E 

Horizontal  Ductwork  (two  isolators  per  support  location) 
One  BJ  35  140  0.27  9.85 

4.54 

74 

0.005 

0.459 

204 

64 

F 

Two  BJ 

35 

140 

0.27 

9.85 

4.54 

74 

0.005 

0.488 

208 

68 

F 

Three  BJ 

35 

140 

0.27 

9.85 

4.54 

74 

0.005 

0.498 

210 

70 

F 

One  BJ 

110 

320 

0.244 

9.85 

4.36 

214 

0.005 

0.365 

437 

117 

G 

Two  BJ 

no 

320 

0.244 

9.85 

4.36 

214 

0.005 

0.429 

457 

137 

G 

Three  BJ 

no 

320 

0.244 

9.85 

4.36 

214 

0.005 

0.455 

466 

146 

G 

Exhaust  Horizontal  Ductwork  (two  isolators  per  (BJ  at  each  support  location) 
for  EF-3,4,9.1 0, 1 3, 1 4, 19,20,3 1 ,32 


25 

50 

0.27 

9.85 

4.54 

53 

0.005 

0.475 

74 

24 

J 

for  EF-5,6,7,8,9,15, 16,17,18, 19 

45 

130 

0.39 

9.85 

5.22 

125 

0.005 

0.450 

189 

59 

I 

EF-6  Only  105 

130 

0.39 

9.85 

5.22 

292 

0.005 

0.376 

179 

49 

H 

Exhaust  Fans  and  Attached  Ductwork  (4  iso./unit) 

EF-1, 2,11,12  200 

238 

0.23 

9.85 

4.26 

371 

0.005 

0.293 

307 

70 

P 

EF-3,4,13,14  26 

30 

0.244 

9.85 

4.36 

51 

0.005 

0.472 

44 

14 

J 

EF-5,6,7,8,15, 

&  16,17,18  90 

100 

0.2 

9.85 

4.02 

149 

0.005 

0.385 

138 

38 

I 

EF-9,19,31,32  25 

30 

0.27 

9.85 

4.54 

53 

0.005 

0.475 

44 

14 

J 

EF-10,20  7 

26 

0.68 

9.85 

6.27 

28 

0.005 

0.541 

40 

14 

S 

Steam  and  Condensate  Pipe  Vertical  Supports 

One  B.J  360 

850 

0.244 

9.85 

4.36 

701 

0.005 

0.307 

1111 

261 

L 

Two  B.J.  360 

850 

0.244 

9.85 

4.36 

701 

0.005 

0.386 

1178 

328 

L 

Horizontal  Steam  Supply  and  Condensate  Return  Pipe  attached  to  BJ 

w/  two  isolators  per  support 

4"  Steam  Sup.  45 

70 

0.2 

9.85 

4.02 

74 

0.005 

0.441 

101 

31 

J 

4"  Steam  Sup.  45 

70 

0.39 

9.85 

5.22 

125 

0.005 

0.450 

102 

32 

M 

2”  Cond.  Ret.  20 

35 

0.39 

9.85 

5.22 

56 

0.005 

0.490 

52 

17 

J 

Hot  Water  and  Heating  Pipes  (two  isolators  per  support) 

6"  125 

195 

0.27 

9.85 

4.54 

264 

0.005 

0.420 

277 

82 

O 

4"  65 

105 

0.27 

9.85 

4.54 

137 

0.005 

0.463 

154 

49 

M 

Overhead  Sprinkler  Fire  Protection  Pipes  (two  isolators  per  support) 


Full 

6  in. 

150 

200 

0.27 

9.85 

4.54 

316 

0.005 

0.404 

281 

81 

N 

Empty 

6  in. 

80 

125 

0.23 

9.85 

4.26 

148 

0.005 

0.450 

181 

56 

M 

(90  1b) 

4  in. 

40 

60 

0.2 

9.85 

4.02 

66 

0.005 

0.481 

89 

29 

J 

(60  lb) 

3  in. 

30 

45 

0.2 

9.85 

4.02 

50 

0.005 

0.490 

67 

22 

J 

(45  lb) 

2.5  in. 

25 

35 

0.27 

9.85 

4.54 

53 

0.005 

0.497 

52 

17 

J 
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Table  22  (cont’d) 


b.  Items  Supported  by  Wall  Girts 


Item  Wmin 

(lb) 

(lb) 

T  fd 

(Hz) 

In 

(Hz) 

(Ib/tn.) 

aeff 

(g) 

vm„ 

(lb) 

(lb) 

Iso 

Type 

Vertical  Ductwork  (two  isolators  per  support  location) 

110  160  0.225  11 

4.71 

250 

0.005 

0.607 

257 

97 

H 

40 

135 

0.34  11 

5.54 

126 

0.005 

0.766 

238 

103 

I 

17 

50 

0.31  11 

5.35 

50 

0.005 

0.827 

91 

41 

J 

Vertical  Steam  Supply  and  Condensate  Return  Pipe  attached  to  BJ  w/two  isolators  per  support 


4"  Steam  Sup. 

22  40  0.225 

11 

4.71 

50 

0.005 

0.801 

72 

32 

J 

Hot  Water  and  Heating  Pipes  (two  isolators  per  support) 

Vertical  6” 

95  125  0.2 

11 

4.49 

196 

0.005 

0.631 

204 

79 

M 

4" 

50  70  0.31 

11 

5.35 

146 

0.005 

0.736 

122 

52 

I 

(Full  Weight)  Overhead  Sprinkler  Fire  Protection  Pipe 

(170  lb)  6” 

40  110  0.4 

11 

5.88 

141 

0.005 

0.775 

195 

85 

M 

Oscillating  Monitor  Fire  Protection  Pipes 

Horiz.  6” 

170  240  0.2 

11 

4.49 

351 

0.005 

0.813 

435 

195 

N 

Horiz.  4" 

65  125  0.2 

11 

4.49 

134 

0.005 

0.846 

231 

106 

I 

Horiz.  4" 

85  125  0.4 

11 

5.88 

301 

0.005 

0.869 

234 

109 

N 

Vertical  6" 

70  130  0.2 

11 

4.49 

144 

0.005 

0.726 

224 

94 

M 

(Actual  Weight) 

FP  Lighting  (single  isolator) 

Strobe  (10  lb) 

8  12  0.31 

11 

5.35 

23 

0.005 

0.869 

22 

10 

C 

Beacon  (9  lb) 

7  11  0.36 

11 

5.66 

23 

0.005 

0.878 

21 

10 

C 

Beacon  (9  lb) 

7  11  0.4 

11 

5.88 

25 

0.005 

0.886 

21 

10 

C 

(Actual  Weight) 

Emergency  Exit  Lights  attached  to  the 

rear  hangar  door  frame  and  side  wall  girts 

Type  650  (15  lb) 

12  18  0.2 

11 

4.49 

25 

0.005 

0.848 

33 

15 

C 

c.  Items  Supported  by  Roof  Truss 

HV  Unit 

654  700  0.2055 

5 

2.06 

285 

0.005 

0.627 

1139 

439 

R 

654  700  0.341 

5 

2.52 

425 

0.005 

1.183 

1528 

828 

V 

Steam  and  Condensate  Pipe  Guided  Supports 

4  Iso. 

130  200  0.24 

9.85 

4.33 

250 

0.005 

0.281 

256 

56 

K 

Horizontal  Steam  Supply  attached  to  catwalk  (two  isolators  per  support) 

Empty  4" 

55  75  0.26 

5 

2.27 

29 

0.005 

0.447 

109 

34 

T 

Hot  Water  and  Heating  Pipes  attached  to  catwalk  (two  isolators  per  support) 

Full  4” 

70  90  0.65 

5 

3.14 

71 

0.005 

1.098 

189 

99 

U 

Oscillating  Monitor  Fire  Protection  Pipes  -  Supported  by  Wind  Truss  2 

Horiz.  6“ 

115  200  0.272 

11 

5.09 

304 

0.005 

0.566 

313 

113 

N 

(Actual  Weight) 

HID  Lighting  (single  isolator) 

(55  lb) 

50  60  0.26 

9.85 

4.47 

102 

0.005 

0.300 

78 

18 

A 

(43  lb) 

40  50  0.344 

9.85 

4.98 

102 

0.005 

0.306 

65 

15 

A 

100 


The  dynamic  behavior  of  the  cross  bracing  and  support  structure  was  evaluated  to  determine  the 
effective  load  transferred  to  the  bar  joists  at  these  locations.  The  roof  brace  is  much  more  flexible  than 
the  roof  panel/bar  joist  system.  For  example,  the  fundamental  natural  frequency  of  the  braces  crossing 
between  roof  trusses  4  and  5  and  C  and  D  without  a  support  is  1.21  Hz.  The  calculations  for  this  value 
are  provided  in  Appendix  I.  The  fundamental  natural  frequency  of  the  roof  panel/bar  joist  system  directly 
above  the  cross  braces  specified  above  is  9.85  Hz.  This  panel  is  supported  by  a  16K6  bar  joist,  and  the 
roof  panel  calculations  are  shown  in  Table  H5.  The  supporting  pipe  or  threaded  rod  joining  the  braces 
and  bar  joist  will  transfer  the  load  axially.  Thus  it  will  be  very  stiff  and  will  act  as  a  rigid  link.  The 
braces  will,  therefore,  only  be  excited  at  their  higher  modes  by  roof  motion,  so  the  increase  in  load  on  the 
roof  due  to  the  dynamic  response  of  the  braces  will  be  very  small.  The  roof  panel/bar  joist  and  roof  truss 
brace  system  will  respond  dynamically,  as  the  roof  panel/bar  joist  system  by  itself,  but  with  the  additional 
lumped  mass  of  the  braces  at  the  center.  The  roof  panel/bar  joist  and  roof  truss  brace  system  will  respond 
dynamically,  as  the  roof  panel/bar  joist  system  by  itself,  but  with  the  additional  mass  of  the  braces  at  the 
center.  The  braces  will  not  be  excited  by  the  roof  motion  because  they  comprise  a  much  softer  system. 

The  mass  loading  from  the  weight  of  the  brace  will  reduce  the  load  on  the  roof  to  a  degree,  but  the 
load  will  still  be  quite  large  because  of  the  acceleration  levels  at  the  roof.  Therefore,  USACERL 
recommends  that  a  vibration  isolator  be  installed  at  the  top  of  each  pipe  support  for  these  braces  to  reduce 
the  additional  load  on  the  bar  joist.  The  minimum  weight  (Wmin)  and  maximum  weight  (Wmax)  supported 
by  an  isolator  was  calculated  for  each  brace  location,  as  shown  in  Table  II  of  Appendix  I.  The  minimum 
weight  is  taken  as  half  the  total  weight  of  the  braces,  and  the  maximum  weight  is  five-eights  of  the  total 
brace  weight.  The  overall  minimum  and  maximum  weights  for  all  the  braces  are  482  lb  and  1009  lb, 
respectively.  These  values  were  used  in  selecting  the  appropriate  isolator  and  calculating  the  final 
effective  dynamic  load  applied  to  the  bar  joist  through  the  isolator. 


Table  22a  shows  these  calculations  in  a  spreadsheet  program  that  models  this  support  as  a  single 
degree  of  freedom  system.  Isolating  the  braces  from  the  roof  motion  will  reduce  the  dynamic  load  on  the 
roof  bar  joist  and  also  reduces  the  vibration  of  the  brace  itself.  The  transmissibility  (T)  is  ratio  of  dynamic 
output  to  dynamic  input.  A  reasonable  goal  is  to  isolate  the  brace  with  a  spring  soft  enough  to  limit  the 
transmissibility  through  itself  to  0.2.  The  transmissibility  at  a  particular  driving  frequency  (fd)  of  a  singlc- 
degree-of-freedom  oscillator  with  a  natural  frequency,  fn,  is  given  by  the  following  equation  (Thomson 
1981,  p  65): 


T  =  . 


N 


fd  2 

1  +(2^_1) 
rn 


[Eq  25] 


fa  2  2  fd  2 

(1-(_1)  ]  *[2 Z,-±) 


In  this  case  spring  steel  isolators  are  used,  and  the  damping  coefficient  (£)  for  these  is  0.005,  which  causes 
the  damping  coefficient  to  be  negligible  and  the  transmissibility  equation  simplifies  to: 

T  =  1 

(V  i  1Eq  261 

V 


The  transmissibility  is  set  to  0.2  and  the  equation  is  solved  for  the  resulting  maximum  natural  frequency 
(fn)  of  the  isolated  system.  This  value,  along  with  the  minimum  load  of  the  singlc-degree-of-frecdom 
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system,  is  used  to  calculate  the  maximum  acceptable  stiffness  of  the  isolator  that  will  keep  the 
transmissibility  to  0.2.  The  maximum  stiffness  is  given  by  the  following  equation: 


s 


[Eq  27] 


From  this  maximum  stiffness,  an  isolator  is  selected.  The  stiffness  of  this  isolator  is  used  to 
calculate  the  actual  natural  frequency  of  the  isolated  system.  The  isolated  acceleration  of  the  bracing 
system  is  then  calculated  from  the  motion  at  the  roof.  The  peak  acceleration  (apk)  for  each  mode  of 
vibration  of  the  roof  panel  system  with  the  16K6  bar  joist  was  calculated  in  Table  H5.  Those  values  are 
listed  in  Table  12.  For  each  mode,  the  transmissibility  was  calculated  using  Eq  25.  For  all  but  the  first 
mode,  the  transmissibility  is  less  than  0. 1 .  However,  it  is  known  that  some  motion  will  pass  through  even 
at  the  higher  modes  and  the  minimum  transmissibility  is  set  to  0.1  for  each  mode.  The  effective 
acceleration  (aeff)  is  then  calculated  as  the  square  root  of  the  sum  of  the  squares  of  the  peak  acceleration 
for  each  mode  multiplied  by  its  transmissibility  factor,  all  multiplied  by  a  reduction  for  the  mass  loading 
reduction  of  the  roof  panel  motion.  For  the  roof  panel  system  with  a  16K6  bar  joist,  the  effective  weight 
(Wm)  is  taken  from  Table  6  and  has  a  value  of  520  lb.  Table  12  illustrates  the  calculation  of  the 
transmissibility,  and  the  peak  acceleration  times  the  transmissibility  squared.  The  following  equation 
illustrates  the  calculation  of  the  effective  acceleration: 


aeff 


w 


m 


W  +Wm 
e  m 


[Eq  28] 


The  effective  acceleration  (plus  one  for  gravity)  limes  the  maximum  weight  of  the  item  being  isolated 
gives  the  maximum  vertical  isolated  load  (Vmax).  The  maximum  horizontal  isolated  load  (Hmax)  is  the 
effective  acceleration  times  the  maximum  weight  of  the  item  being  isolated.  These  results  are  shown  in 
Table  22.  The  same  procedure  is  repeated  assuming  the  load  for  the  support  is  spread  out  over  three  bar 
joists.  The  purpose  of  this  is  to  reduce  the  load  on  each  bar  joist  by  transferring  part  of  it  to  the  two 
adjacent  bar  joists.  This  will  increase  the  total  isolated  vertical  load  because  the  mass  loading  benefits 
are  reduced.  The  last  column  in  Table  22  lists  the  isolator  (Iso)  type  selected.  The  isolator  selected  for 
the  roof  truss  brace  support  is  Type  E,  and  it  must  have  a  maximum  capacity  greater  than  the  maximum 
vertical  load.  Table  23  identifies  specific  isolators  or  equals  that  meet  the  requirement  of  each  isolator 
type.  For  the  roof  truss  brace  support,  the  capacity  is  1500  lb,  which  exceeds  even  the  applied  load  of 
1408  lb  (if  the  load  were  supported  by  three  bar  joists).  Figure  41  illustrates  the  roof  truss  cross  brace 
support  condition. 


Heating  and  Ventilating  Units 

An  HV  unit  is  located  in  the  roof  truss  area  near  both  side  walls  in  each  maintenance  dock  high  bay 
area.  The  HV  unit  will  be  serviced  with  a  catwalk  accessible  by  a  ladder  from  the  building  exterior.  The 
initial  design  of  the  HV  unit  required  that  this  unit  be  supported  by  the  roof  bar  joists  above.  This  would 
result  in  fairly  high  vibration  load  factors  and  high  support  reactions  and  loads  to  the  roof  truss  members 
supporting  these  units.  Also,  bar  joists  are  not  designed  for  concentrated  loads,  and  a  load  of  this  magni¬ 
tude  could  be  better  accommodated  by  framing  into  the  main  building  structure. 
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Table  23 


Isolator  Characteristics 


Type 

(lb/in.) 

V 

mu 

(lb) 

(lb) 

Peabody 

Model 

Number 

Amber/Booth 

Model 

Number 

A 

102 

78 

18 

SH-1-120 

BSA-1-100 

C 

23 

33 

15 

SH-1-35 

25 

33 

15 

BSA-1-25 

E 

797 

1408 

399 

SH-2-3500 

894 

1409 

400 

BSA-2-1600 

F 

74 

210 

70 

FDS-3-215 

SW-3A-200 

G 

214 

466 

146 

FDS-3-640 

SW-3A-600 

H  K  &  O 

250 

277 

97 

FDS-2-500B 

SW-2-500 

SW-2-400 

SW- 1-250 

I 

125 

238 

106 

FDS-2-250B 

SW-2-250 

J 

50 

101 

41 

FDS-2-100B 

SW-3A-150 

L 

701 

1178 

328 

SH-2-1400 

BSA-2-1300 

M 

137 

224 

94 

FDS-1-'*50B 

125 

224 

94 

SW-2-250 

N 

304 

435 

195 

FDS-1-450B 

301 

435 

195 

SW- 1-300 

P 

371 

307 

70 

FDS-1-370B 

SW- 1-350 

R 

285 

1139 

439 

FDS-4-1140 

SW-4.5A-1250 

S 

28 

40 

14 

FDS-3-85 

SW-3A-75 

T 

29 

109 

34 

FDS-4-115 

U 

71 

189 

99 

FDS-4-285 

V 

425 

1528 

828 

FDS-4-1700 

Early  in  this  project  a  recommendation  was  made  to  support  the  HV  unit  and  catwalk  with  two  W8 
x  28  members  that  frame  into  roof  truss  C  and  D.*  A  vibro-acoustic  response  analysis  for  thi«  unit  and 
the  catwalk  was  conducted  as  described  in  Appendix  H.  The  support  motion  defined  through  this  analysis 
also  provides  a  peak  acceleration  spectrum  as  shown  in  Table  19a.  This  environment  is  not  too  severe  for 
the  HV  unit  but  vibration  isolation  is  still  recommended  as  good  engineering  practice  to  reduce  the 
structure-borne  noise  radiat’C  and  also  minimize  the  dynamic  load  on  the  W8  x  28  support  members. 
The  HV  unit  weighs  2700  lb,  and  this  unit  should  be  supported  by  four  isolators  resulting  in  an  estimated 
654  to  700  lb  per  isolator.  The  HV  unit  should  be  supported  with  an  R  isolator  at  each  comer.  The 
maximum  effective  load  per  isolator,  then,  becomes  1139  lb,  as  indicated  in  Table  22c.  Figure  42 
illustrates  the  isolation  detail  for  the  HV  unit  supported  at  the  roof  truss  by  W8  x  28  members. 

The  catwalk  is  located  very  close  to  roof  truss  D,  and  it  should  not  be  isolated.  The  vibration  load 
factor  at  this  location  is  taken  as  60  percent  of  the  2.3  g  load  factor  for  the  HV  unit  without  vibration 
isolation  (see  Chapter  5  and  Appendix  H).  As  indicated  in  Appendix  H,  the  weight  of  the  portion  of  the 
catwalk  carried  by  the  W8  x  28  beams  is  1500  lb.  Thus,  the  total  effective  load  (Pc)  applied  to  both  W8  x 
28  beams  from  the  catwalk  is: 


Pc  =  0.6  x  2.3  g  x  1500  lb  =  2070  lb. 


‘Structural  Drawings  No.  5,  7,  8,  9.  and  35;  Mechanical  Drawings  No.  1,  2,  3,  25.  26,  and  27  for  the  AMD. 
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Figure  41.  Horizontal  wind  truss  support. 


Ductwork 

HV  ductwork  runs  through  the  roof  truss  system  on  the  north  and  south  ends  of  the  building,  and 
down  the  walls  as  described  in  Chapter  7.  Other  ducts  run  from  the  facility  floor,  up  the  walls,  and  out 
the  exhaust  fans  on  the  roof. 

The  natural  frequency  of  each  duct  was  calculated  assuming  it  was  simply  supported  at  every 
support  location.  This  analysis  considers  only  the  overall  duct  flexural  modes  assuming  the  entire  duct 
behaves  as  a  box  beam.  This  is  the  motion  that  could  be  excited  through  support  motion.  Tables  24a  and 
24b  summarize  the  lowest  natural  frequency  of  each  of  the  ducts  for  the  size  and  support  spacing 
indicated.  It  can  be  seen  that  the  duct  natural  frequency  is  much  higher  than  the  primary  frequency  of 
the  support  motions,  especially  if  the  ducts  arc  vibration  isolated.  Thus,  overall  flexural  motion  will  not 
be  excited  in  the  duel.  The  natural  frequency  of  individual  duct  panels  is  much  lower,  as  seen  in  Chapter 
7.  However  this  type  of  vibration  will  not  be  excited  by  the  support  motion,  but  significant  panel  motion 
can  be  expected  from  direct  acoustical  loading  on  the  panels  (as  was  seen  in  Chapter  7). 
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R  -  Isolator 


Each  of  these  ducts  is  to  be  isolated  from  the  building  motion  to  reduce  the  load  on  the  roof  bar 
joists.  Table  13  presents  detailed  spreadsheet  calculations  for  the  weight  supported  at  every  isolator. 
These  dead-load  calculations  assume  that  each  support  carries  the  weight  of  the  duct  tributary  area  around 
the  support.  The  weights  at  each  support  were  grouped  together  in  a  way  that  the  fewest  number  of 
isolator  types  could  be  used  for  the  isolator  supports.  One  isolator  was  used  to  support  the  range  of 
weights  for  each  group.  Through  an  iterative  process  the  maximum  and  minimum  dead  weights  were 
established  for  each  group.  The  maximum  and  minimum  weights  given  in  Table  22a  and  22b  provide  a 
wider  range  than  required  from  the  calculations  in  Table  13  to  allow  for  variation  of  how  the  load  will  be 
distributed.  Table  13  shows  how  the  weights  were  assigned  to  a  particular  isolator.  The  same  series  of 
calculations  to  select  the  appropriate  isolator  was  performed  here,  as  for  the  roof  truss  bracing  supports, 
explained  in  more  detail  previously.  Table  22a  illustrates  tnese  spreadsheet  calculations  for  the  horizontal 
ducts  sup-ported  at  the  bar  joists.  The  horizontal  ductwork  calculations  allowed  the  transmissibility  to 
increase  to  values  of  0.243  up  to  0.39  in  the  worst  case.  This  increases  the  effective  acceleration  and 
maximum  vertical  isolated  load  shown  in  Table  22a.  As  seen  in  Tables  I3a,  I3b,  and  22a,  all  the  HV 
horizontal  duc'work  should  be  supported  with  either  the  F  or  G  isolators.  The  exhaust  fan  horizontal 
ductwork  should  be  supported  by  I  or  J  isolators,  as  indicated  in  Tables  13c  through  I3k  and  18a.  Figure 
43  shows  a  plan  view  of  the  HV  horizontal  ductwork  isolator  locations.  Figure  44  illustrates  a  horizontal 
ductwork  support  detail. 

The  calculations  assume  the  roof  is  supported  with  16K6  bar  joists,  with  a  roof  pancl/bar  joist 
system  natural  frequency  of  9.85  Hz.  In  many  instances,  however,  a  16K4  bar  joist  will  be  used.  This 
will  reduce  the  natural  frequency  to  9.04  Hz,  as  shown  in  Table  H4.  which,  in  turn,  will  increase  trans¬ 
missibility  slightly.  However,  the  decrease  in  natural  frequency  of  the  roof  panel  system  will  reduce  the 
acceleration  level  at  which  this  system  vibrates,  which,  in  turn,  will  reduce  the  load  transmitted  through 
the  isolators.  It  is  known  that  the  peak  acceleration  for  the  first  mode  of  vibration  will  decrease  when  the 
panel  frequency  decreases.  The  peak  acceleration  levels  for  the  remaining  modes  will  have  a  minimal 
influence,  because  the  transmissibility  for  these  modes  is  very  small-conscrvatively  taken  to  be  0.1.  For 
example,  a  value  of  9.04  Hz  for  the  roof  panel  system  natural  frequency  was  substituted  into  the  spread¬ 
sheet  calculations  for  the  exhaust  fan  horizontal  ducts,  where  the  transmissibility  is  already  at  0.39.  This 
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Table  24 


Lowest  Natural  Frequency  of  Ductwork 


a.  Horizontal 


ga 

Duct 

Size 

W  H 

t 

(In.) 

I 

(In.4) 

Wgt 

(Ib/ft) 

L 

(In.) 

K 

(k/in.) 

Mass 

(lb/in.) 

Freq 

(Hz) 

End 

React 

(lb) 

16* 

36  36 

0.0598 

1851 

30.5 

133 

1133 

0.547 

229. 

338 

16* 

30  30 

0.0589 

1070 

25.6 

133 

655 

0.460 

190. 

284 

16* 

24  24 

0.0598 

547 

20.8 

133 

335 

0372 

151. 

230 

16* 

22  24 

0.0598 

513 

19.9 

133 

314 

0357 

149. 

221 

18* 

20  22 

0.0478 

314 

14.6 

133 

192 

0.262 

136. 

162 

b.  Vertical 

14* 

72  12 

0.0747 

403 

44.2 

90 

796 

0337 

194 

332 

14* 

54  12 

0.0747 

308 

35.1 

90 

608 

0.426 

190 

263 

14* 

36  12 

0.0747 

212 

25.9 

90 

419 

0351 

184 

194 

14* 

50  16 

0.0747 

523 

35.1 

90 

1034 

0.426 

248 

263 

14* 

42  16 

0.0747 

447 

31.0 

90 

884 

0376 

244 

233 

18* 

16  12 

0.0478 

68 

10.1 

90 

134 

0.122 

167 

76 

18* 

16  10 

0.0478 

46 

9.4 

90 

90 

0.114 

141 

71 

18* 

12  12 

0.0478 

54 

8.8 

90 

107 

0.107 

160 

66 

18* 

12  10 

0.0478 

36 

8.1 

90 

71 

0.099 

136 

61 

18* 

14  8 

0.0478 

25 

8.1 

90 

50 

0.099 

113 

61 

18* 

10  8 

0.0478 

19 

6.8 

90 

38 

0.083 

107 

51 

18* 

8  8 

0.0478 

16 

6.2 

90 

32 

0.075 

103 

46 

16 

38  38 

0.0598 

2177 

32.2 

30 

116100 

0.130 

4757 

80 

18 

20  20 

0.0478 

253 

14.0 

30 

13500 

0.057 

2459 

35 

18 

18  18 

0.0478 

184 

12.7 

30 

9830 

0.051 

2203 

32 

18 

14  14 

0.0478 

87 

10.1 

30 

4620 

0.041 

1693 

25 

*  Indicates  the  duct  gage  recommended  by  USACERL.  as  noted  in  Tables  21a  and  21b. 


substitution  does  increase  the  transmissibility  for  the  first  mode  to  0.50,  but  with  conservatively  leaving 
the  peak  acceleration  levels  as  they  were  for  the  16K6  bar  joists,  the  effective  acceleration  transmitted 
through  the  isolator  only  increases  by  2  percent.  Therefore,  the  16K6  bar  joists  will  be  assumed  for  the 
remaining  calculations  for  equipment  supported  by  the  roof  panel/bar  joist  system. 

Most  of  the  ductwork  attached  to  the  walls  is  supported  at  the  north  and  south  walls,  where  the 
wall  girts  are  W8  x  21  members.  These  wall  girts  will  also  vibrate  at  the  highest  acceleration  levels,  as 
seen  in  Table  6a.  Therefore,  these  peak  acceleration  levels  will  be  used  for  all  the  vertical  duct  and  pipe 
isolation  calculations.  The  wall  girt  motion  is  defined  in  terms  of  peak  acceleration  versus  frequency  for 
the  wall  panel  and  W8  x  21  girt  system  motion.  These  levels  are  defined  in  Table  14,  along  with  the 
isolator  transmissibility,  in  the  same  way  as  the  16K6  bar  joist  motion.  The  effective  weight  (Wm)  is 
taken  as  505  lb  (from  Table  6a)  for  the  mass  loading  calculations. 
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FLEXIBLE  JOINT 


Figure  43.  HV  horizontal  ductwork  isolator  locations. 
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Roof 


Figure  44.  Horizontal  duct  vibration  isolation  support. 


At  the  wall  girt  supports  the  minimum  and  maximum  weights  for  a  particular  isolator  type  were 
determined,  as  shown  in  Tables  I3a  through  Table  131.  Table  22b  illustrates  the  spreadsheet  calculations 
for  the  vertical  ducts  supported  at  the  wall  girts.  The  HV  vertical  ductwork  should  be  supported  at  the 
wall  girts  with  H,  I,  or  J  isolators,  as  indicated  in  Tables  I3a,  I3b,  and  22b.  The  exhaust  fan  vertical 
ductwork  should  be  supported  by  I  and  J  isolators,  as  indicated  in  Tables  I3c  through  131  and  22b.  Figure 
45  illustrates  the  isolation  of  a  typical  vertical  duct. 

Exhaust  Fans 

Several  exhaust  fans  are  located  on  the  roof  of  the  maintenance  dock  high  bay.  All  these  fans  must 
be  explosion-proof,  which  will  ensure  that  they  will  not  be  damaged  by  the  vibration  of  the  AMD.  The 
largest  fan  exhausts  the  area  enclosed  by  the  draft  curtain  above  the  auxiliary  power  units  (APU).  The 
total  weight  of  these  APU  exhaust  fans  will  be  925  lb.  The  other  fans  range  in  weight  from  28  lb  (for 
exhaust  fan  fEF]  10  and  20)  up  to  400  lb  for  EF  5,  6,  7,  8,  15,  16,  17,  and  18.  All  of  the  fans  will  be 
supported  at  the  roof  deck,  and  the  load  will  be  carried  by  the  roof  panel/bar  joist  system. 

All  of  these  fans  should  be  isolated  from  the  roof  to  reduce  the  load  on  the  roof.  Each  fan  will  be 
isolated  with  four  isolators— one  at  each  comer.  Tables  I3c  through  I3k  provide  a  range  of  weight  that  will 
be  supported  by  each  isolator  for  each  fan.  These  weights  were  used  in  the  spreadsheet  calculations  of 
Table  22a  to  determine  the  appropriate  isolator  and  effective  load  acting  on  the  roof  through  each  isolator. 
The  exhaust  fans  will  be  supported  by  1,  J,  S,  and  P  isolators,  as  indicated  in  Table  22a.  Figure  46 
illustrates  a  typical  exhaust  fan  isolation  detail. 
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Figure  46.  Exhaust  fan  isolation  support. 
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Pipe  Systems 


The  AMD  contains  three  piping  systems:  the  steam  and  condensate  pipes,  the  hot  water  and  heating 
pipes,  and  the  fire  protection  pipes.  The  pipes  will  not  be  significantly  excited  by  the  direct  acoustic 
environment  inside  the  AMD  because  they  offer  a  relatively  low  surface  area  on  which  the  acoustic 
pressure  can  act.  Another  reason  is  that  the  relatively  small  cross  section  of  the  pipe  will  cause  the 
loading  essentially  to  equalize  all  around  a  pipe  at  any  given  time,  resulting  in  a  negligible  net  load. 
However  the  pipes  will  experience  some  movement  from  vibration  at  their  support  locations.  Those  pipes 
that  will  be  most  significantly  shaken  will  be  the  ones  supported  by  the  roof  bar  joists  and  wall  girts, 
because  these  locations  are  subject  to  the  greatest  accelerations.  If  the  pipes  are  allowed  to  move 
significantly,  the  additional  loading  on  the  bar  joists  will  also  be  significant.  It  is  also  possible  that,  if  the 
pipes  were  driven  to  severely,  the  pipe  joints  could  fatigue  and  fail.  The  following  sections  provide 
recommendations  for  isolating  pipes  larger  than  2  in.  in  diameter  from  the  building  motions. 

Steam  and  Condensate  Pipes 

The  steam  and  condensate  pipes  must  be  free  to  expand  and  contract  These  pipes  are  supported 
by  vertical,  guided,  and  anchor  supports.*  The  vertical  supports  allow  tree  motion  in  both  horizontal 
directions,  and  provide  support  vertically.  The  guided  supports  allow  free  horizontal  movement  along  the 
axis  of  the  pipe.  Where  these  pipes  pass  through  trusses  2  and  13,  an  anchor  support  provides  restraint 
for  motion  in  all  three  directions.  The  vertical  supports  are  attached  either  to  a  single  bar  joist  or  a  joist 
header,  and  distribute  the  load  to  two  bar  joists.**  All  the  guided  pipe  supports  and  anchor  support  attach 
to  the  roof  truss  system  near  the  front  of  the  building.*** 

The  steam  pipe  is  a  10  in.  diameter,  Schedule  40  pipe,  and  the  condensate  pipe  is  a  6  in.  diameter, 
Schedule  80  pipe.  The  condensate  pipe  is  the  only  Schedule  80  pipe  in  the  facility — all  others  are  the 
standard  Schedule  40.  The  calculations  for  the  maximum  and  minimum  weights  at  each  type  of  support, 
for  the  steam  and  condensate  pipes  are  shown  in  Table  I5a  and  Table  I5b,  respectively.  The  steam  and 
condensate  pipe  vertical  supports  must  provide  vibration  isolation  from  motion  at  the  roof.  A  single 
hanging  isolator  is  used  at  each  vertical  support.  The  same  procedure  for  selecting  the  isolator  and 
calculating  the  pipe  effective  acceleration  and  total  vertical  load  is  repeated  here  and  summarized  in  Table 
22a.  The  isolator  type  selected  here  will  reduce  the  maximum  vertical  load  (including  gravity)  to  1178 
lb.  Figure  47  illustrates  the  vertical  steam  and  condensate  pipe  isolation  detail. 

The  guided  supports  are  located  near  the  front  of  the  building,  supported  by  the  roof  trusses.  The 
minimum  and  maximum  weights  per  isolator  are  130  lb  and  200  lb  respectively,  as  calculated  in  Table 
15.  The  roof  truss  will  be  driven  by  the  roof  panel/bar  joist  system  vibro-acoustic  response.  The  roof 
truss  can  conservatively  be  assumed  to  vibrate  at  the  same  modes  as  the  roof  bar  joist,  but  at  reduced 
acceleration  levels.  The  peak  acceleration  and  frequency  data  used  to  calculate  the  isolator  response  arc 
taken  from  the  bar  joist  response  in  Table  H5  or  12  and  multiplied  by  the  ratio  of  the  truss  load  factor  over 
the  bar  joist  load  factor.  Die  calculations  for  the  peak  acceleration  and  transmissibility  at  the  roof  truss 
are  shown  in  Table  I7a.  This  pipe  should  be  supported  using  K  isolators,  and  the  maximum  effective  load 
per  isolator  becomes  256  lb,  as  indicated  in  Table  22c.  Figure  48  illustrates  the  isolation  detail  for  a 
guided  steam  or  condensate  pipe  supported  by  the  roof  truss. 


Mechanical  Drawings  No.  1,  3,  15,  16,  25,  26,  27,  and  28  for  the  AMD. 
Mechanical  Drawings  No.  25,  26,  and  28  for  the  AMD. 

**'  Mechanical  Drawings  No.  16,  25,  and  26  for  the  AMD. 


110 


There  is  only  one  anchor  support  in  the  Southwest  door  pockets  of  both  Areas  A  and  C,  at  trusses 
2  and  13  respectively.  These  locations  will  experience  low  vibro-acoustical  loading.  Therefore,  no 
vibration  isolation  is  needed  at  the  anchor  supports,  and  these  supports  can  provide  the  needed  rigid 
restraint  for  the  steam  and  condensate  piping  system. 

The  steam  pipe  is  connected  to  a  4  in.  steam  supply  pipe  at  the  front  of  the  high  bay  at  column 
line  9.  This  pipe  runs  toward  the  rear  of  the  building  near  the  side  wall,  and  is  supported  by  pipe  hangers 
to  the  roof  bar  joists.  Then  it  drops  down  the  wall  of  the  building  to  a  point  where  it  penetrates  the  wall 
entering  area  B.*  The  vertical  section  that  drops  down  along  the  wall  is  supported  by  the  wall  girts.  This 
pipe  must  be  isolated  from  the  motion  of  both  the  bar  joists  and  the  wall  girts  to  which  it  is  attached. 
Two  isolators  should  be  used  on  the  pipe  at  each  support  location. 

The  horizontal  portion  of  the  cteam  supply  pipe  is  supported  by  the  roof  bar  joists.  The  weight 
per  isolator  for  this  essentially  empty  pipe  ranges  from  45  to  70  lb.  These  weights  were  calculated  based 
on  the  weight  per  foot  of  the  pipe  multiplied  by  the  length  of  pipe  that  will  be  supported  at  each  location. 
Table  16  provides  the  weight  calculations  and  determines  the  natural  frequency  of  simply  supported  pipes 
with  the  support  spacing  indicated.  The  fundamental  mode  of  vibration  of  the  pipes  should  have  a  natural 
frequency  well  above  the  frequency  of  the  isolated  systems  (given  in  Tables  22a  through  22c).  The 
weights  used  in  Table  22  are  the  minimum  and  maximum  for  the  given  range  of  support  spacing.  These 
weights  also  include  a  small  additional  weight  for  the  pipe  connections.  This  pipe  should  be  supported 
using  J  isolators.  The  maximum  effective  load  per  isolator  becomes  101  lb,  as  indicated  in  Table  22a. 
Figure  49  illustrates  a  typical  isolation  detail  for  a  pipe  supported  by  a  bar  joist. 

The  4  in.  steam  supply  pipe  is  supported  under  the  catwalk  at  one  location.  The  support  motion 
defined  for  the  HV  unit  is  also  used  here  because  it  is  part  of  the  same  system  analyzed  in  Appendix  H. 
The  catwalk,  however,  will  vibrate  at  less  severe  levels  because  it  is  located  near  the  supporting  truss  D. 
The  peak  acceleration  levels  used  here  arc  the  HV  unit  levels  multiplied  by  0.6  to  account  for  the  less 
severe  environment  near  the  supports.  The  calculations  for  the  peak  acceleration  spectrum  are  shown  in 
Table  I9b.  An  11  ft  long  section  of  pipe  is  supported  at  this  location,  so  the  total  weight  per  isolator  is 
55  to  75  lb.  This  pipe  should  be  supported  with  a  T  isolator,  for  which  the  maximum  effective  load  per 
isolator  would  be  109  lb,  as  indicated  in  Table  22c. 

The  vertical  portion  of  the  steam  supply  pipe  is  supported  by  the  wall  girts.  The  weight  range  per 
isolator  is  22  to  40  lb.  This  pipe  should  be  supported  using  J  isolators,  for  which  the  maximum  effective 
load  per  isolator  is  72  lb  (as  indicated  in  Table  22b).  Figure  50  illustrates  a  typical  isolation  detail  for 
a  vertical  pipe  supported  by  a  wall  girt. 

The  condensate  return  pipe  is  2  in.  in  diameter,  and  all  pipes  2  in.  in  diameter  and  smaller  may  be 
attached  directly  to  the  supporting  pipe  hanger.  The  support  locations  should  be  at  least  4  ft  from  both 
the  connection  to  the  main  condensate  pipe  and  the  nearest  elbow  in  the  pipe.  This  will  allow  the  pipe 
to  move  freely  with  the  supporting  structure  without  stressing  the  pipes  significantly.  The  pipe 
connections  and  attachments  must  be  designed  for  the  forces  of  the  load  factor  for  the  particular  support 
location  (see  Table  6a)  times  die  pipe  weight  in  addition  to  the  gravity  load. 

Hot  Water  and  Heating  Pipes 

The  hot  water  and  heating  pipes  run  through  the  roof  truss  area,  between  the  heating  and  ventilating 
units.  *  Two  of  these  pipes  are  4  in.  and  the  other  is  6  in.  The  pipes  in  the  roof  truss  area  will  be 


Mechanical  Drawings  No.  25  and  27  for  the  AMD. 

**  Mechanical  Drawings  No.  I,  3.  25.  26.  and  28  for  the  AMD. 
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supported  by  hangers  attached  to  the  roof  bar  joists.  Other  pipes  to  supply  the  HV  unit  are  attached  to 
the  wall  girts.  For  the  purposes  of  weight  and  vibration  isolation  calculations,  the  pipes  will  always  be 
Filled  with  water. 

For  those  pipes  in  the  root  truss  area,  supported  by  the  bar  joists,  the  support  spacing  range  is  96 
to  144  in.  The  weight  per  isolator  for  the  6  in.  pipe  varies  from  125  to  195  lb,  and  65  to  105  lb  for  the 
4  in.  pipe.  The  6  in.  pipe  should  be  supported  with  O  isolators,  for  which  the  maximum  load  per  isolator 
is  277  lb  (as  indicated  in  Table  22a).  The  4  in.  pipe  should  be  supported  with  M  isolators,  for  which  the 
maximum  load  per  isolator  is  154  lb  (Table  22a). 

The  4  in.  hot  water  and  heating  pipe  is  supported  under  the  catwalk  at  one  location.  The  support 
motion  defined  for  the  HV  unit  is  also  used  here  because  it  is  part  of  the  same  system  analyzed  in 
Appendix  H.  The  catwalk,  however,  will  vibrate  at  less  severe  levels  because  it  is  located  near  the 
supporting  truss  D.  The  peak  acceleration  levels  used  here  are  the  HV  unit  levels  multiplied  by  0.6  to 
account  for  the  less  severe  environment  near  the  supports.  The  calculations  for  the  peak  acceleration 
spectrum  are  shown  in  Table  I9c.  A  9  ft  long  section  of  pipe  is  supported  at  this  location,  for  which  the 
total  weight  per  isolator  is  70  to  90  lb.  This  pipe  should  be  supported  with  a  U  isolator,  for  which  the 
maximum  effective  load  per  isolator  is  189  lb  (Table  22c). 

The  hot  water  supply  and  return  pipes  will  be  supported  by  the  wall  girts.  The  minimum  support 
spacing  for  these  pipes  is  72  in.  and  the  maximum  is  90  in.*  The  weight  per  isolator  for  the  6  in.  pipe 
varies  from  95  to  125  lb,  and  50  to  70  lb  for  the  4  in.  pipe.  The  6  in.  pipe  should  be  supported  by  M 
isolators,  for  which  the  maximum  load  per  isolator  is  204  lb  (Table  22b).  The  4  in.  pipe  should  be 
supported  with  I-isolators,  for  which  the  maximum  load  per  isolator  is  121  lb  (Table  22b). 

Fire  Protection  Pipes 

The  fire  protection  piping  consist  of  two  independent  systems:  the  first  supplies  overhead  sprinklers 
and  the  second  supplies  oscillation  monitor  nozzles.  The  first  system  is  a  group  of  three  6  in.  pipes  that 
comes  through  the  wall  from  the  mechanical  room,  runs  up  the  walls  to  the  roof  truss  area,  and  branches 
out  in  a  network  to  cover  the  entire  roof  truss  area."  Each  of  the  main  three  pipes  branch  out  to 
progressively  smaller  pipes  in  the  roof  truss  area,  all  the  way  down  to  3/4  in.  column  sprinkler  pipes, 
which  are  attached  to  each  column.  (See  Fire  Protection  Drawing  No.  2  for  the  AMD,  for  a  detailed 
illustration  of  this  pipe  network.)  The  pipes  along  the  wall  will  be  supported  by  the  wall  girts,  and  the 
pipes  in  the  roof  truss  area  will  be  supported  by  the  bar  joists. 

Overhead  Sprinkler  Pipes.  All  of  these  pipes  that  are  larger  than  2  in.  in  diameter  must  be  isolated 
from  the  motion  of  their  respective  supports  to  reduce  the  dynamic  loading  on  these  members.  The 
connections  for  the  smaller  pipes  must  be  designed  for  their  own  weight  multiplied  by  the  appropriate  load 
factor  at  their  support  (see  Table  6a  for  load  factors)  plus  the  gravity  load. 

The  fire  protection  pipes  that  lead  to  overhead  sprinklers  will  normally  be  empty.  In  the  event  of 
a  fire,  the  aircraft  will  not  be  operated,  so  there  should  never  be  an  acoustic  load  on  the  pipes  when  they 
are  full  of  water.  Therefore,  the  vibration  isolation  recommendations  assume  the  pipes  are  empty. 
However,  even  if  an  emergency  situation  caused  the  pipes  to  fill  while  acoustical  loading  was  still  applied, 
the  maximum  load  applied  to  the  isolator  would  not  exceed  the  additional  minimum  overload  capacity  of 
50  percent. 


Mechanical  Drawings  No.  27  and  28  for  the  AMD. 

“  Mechanical  Drawings  No.  25.  26,  27,  and  28;  and  Fire  Protection  Drawing  No.  2  for  the  AMD. 
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The  three  6  in.  pipes  are  supported  by  the  wall  girts.  The  minimum  and  maximum  lengths  of  pipe 
per  support  are  48  and  120  in.  All  the  pipe  weights  per  support  were  calculated  as  shown  in  Table  16. 
Each  support  will  have  two  isolators,  for  which  the  minimum  and  maximum  weights  per  isolator  are  40 
and  110  lb,  respectively.  The  transmissibility  becomes  0.38,  as  seen  in  Table  I4e.  The  recommended 
isolator  for  these  pipes  is  an  M  isolator,  for  which  the  maximum  dynamic  load  per  isolator  is  195  lb 
(Table  22b).  The  maximum  static  load  that  must  be  carried  by  an  isolator  when  the  pipes  are  full  is  170 
lb,  which  is  well  within  the  250  lb  capacity  of  these  isolators. 

The  6  in.  pipe  supported  by  the  bar  joist  has  a  range  of  support  spacing  from  133  to  144  in.  The 
minimum  length  of  pipe  supported  at  an  isolator  location  is  taken  as  96  in.  and  the  maximum  is  144  in. 
This  results  in  a  range  of  weight  per  isolator  of  80  to  125  lb.  Each  pipe  is  supported  by  a  hanger  that 
distributes  the  load  between  two  bar  joists,  but  at  every  pipe  support  location  at  least  two  pipes  of  the 
same  size  are  being  supported,  so  the  minimal  mass  loading  benefit  for  these  pipes  is  when  two  bar  joists 
are  supporting  two  pipes.  For  this  6  in.  pipe  an  M  isolator  was  selected,  for  which  the  maximum  dynamic 
load  per  isolator  is  180  lb,  as  indicated  in  Table  22a.  The  maximum  static  load  that  must  be  carried  by 
an  isolator  when  the  pipes  are  full  is  200  lb,  which,  again,  is  within  the  250  lb  capacity  of  these  isolators. 
If  the  pipe  were  acoustically  loaded  while  full,  as  in  the  emergency  situation  suggested  above,  the 
maximum  dynamic  load  would  reach  280  lb,  which  is  well  within  50  percent  overload  capacity  of  the 
isolator.  For  the  remaining  pipes  this  emergency  condition  will  not  be  considered,  but  each  pipe  isolator 
does  have  the  same  50  percent  overload  capacity,  if  needed. 

Each  6  in.  pipe  branches  off  at  a  Tee  into  two  4  in.  pipes.  The  supports  for  each  4  in.  pipe  are  120 
in.  apart.  Half  the  load  supported  by  the  4  in.  pipe  hanger  will  be  carried  by  the  nearest  bar  joist,  and  the 
remaining  load  will  be  carried  by  the  top  cord  of  the  nearby  roof  truss.  The  weight  per  isolator, 
accounting  for  the  transitions  to  pipes  of  other  sizes,  is  a  minimum  of  40  lb  and  a  maximum  of  60  lb. 
The  J  isolator  is  recommended  for  this  pipe,  for  which  the  maximum  dynamic  load  is  89  lb  (Table  22a). 
The  maximum  static  load  that  must  be  carried  by  an  isolator  when  the  pipes  are  full  is  90  lb,  which  is 
within  the  100  lb  capacity  of  these  isolators. 

The  4  in.  pipes  branch  off  into  several  pipes  that  are  2  in.  or  smaller,  and  these  lead  to  sprinkler 
heads.  The  4  in.  pipe  also  transitions  to  a  3  in.  pipe,  then  to  either  a  2.5  in.  or  2  in.  pipe,  and  Finally  to 
smaller  ones.  The  smaller  pipes  eventually  attach  to  sprinkler  heads  either  near  the  roof  or  down  the 
columns.  Again,  only  the  pipes  larger  than  2  in.  should  be  isolated:  the  smaller  pipes  should  be  hard 
mounted.  The  3  in.  and  2.5  in.  pipes  will  also  be  supported  every  120  in.  The  weight  will  vary  from  30 
to  45  lb  per  isolator  for  the  3  in.  pipe.  The  J  isolator  is  recommended  for  supporting  this  pipe,  for  which 
the  maximum  dynamic  load  is  67  lb  (Table  22a).  The  maximum  static  load  that  must  be  carried  by  an 
isolator  when  the  pipes  are  full  is  60  lb,  which  is  within  the  100  lb  capacity  of  these  isolators. 

The  weight  will  vary  from  25  to  35  lb  per  isolator  for  the  2.5  in.  pipe.  The  J  isolator  is 
recommended  for  supporting  this  pipe,  for  which  the  maximum  dynamic  load  is  52  lb  (Table  22a).  Here 
the  maximum  static  load  is  only  45  lb,  which  is  obviously  well  within  the  100  lb  capacity  of  these 
isolators. 

Oscillating  Monitor  Pipes.  The  second  pipe  system  supplies  four  oscillating  monitor  nozzles  in 
each  maintenance  bay.*  This  system  consists  of  an  8  in.  pipe  that  penetrates  the  wall  from  the  mechanical 
room  at  about  1 1  ft  above  the  floor.  This  pipe  immediately  drops  down  lo  8  ft  above  the  floor,  and  tees 
off  to  4  in.  and  6  in.  pipes  that  run  along  the  maintenance  bay  walls.  Both  the  4  and  6  in.  pipes  are 
supported  by  a  structural  tubing  member  that  is  supported  by  either  every  column  or  by  the  wall  girt  at 


Fire  Protection  Drawings  No,  1  and  3;  Mechanical  Drawings  No.  25,  26,  27,  and  28  for  the  AMD. 


115 


an  intermediate  position  between  the  columns.  All  pipes  in  this  system  will  be  filled  with  water  at  all 
times.  The  4  in.  pipe  runs  along  the  side  wall  to  near  the  front  of  the  building,  where  it  drops  down  to 
a  monitor  nozzle. 


The  6  in.  pipe  runs  along  the  side  wall  at  8  ft  above  the  floor  to  the  back  wall,  and  then  along  the 
back  wall  to  a  point  just  before  the  position  of  the  open  rear  hangar  door.*  At  this  point,  a  4  in.  pipe 
branches  off  and  drops  down  to  the  rear  door  monitor  nozzle.  This  4  in.  section  of  pipe  can  be  supported 
directly  by  the  maintenance  bay  floor  with  no  isolation.  The  6  in.  pipe  also  branches  off  into  another  6 
in.  pipe  that  runs  up  along  the  back  wall  to  the  roof  truss,  and  then  across  the  back  door  opening, 
supported  by  the  wind  truss.  At  the  end  of  the  open  hangar  door  this  same  pipe  drops  down  along  the 
wall  to  8  ft  above  the  floor.  The  vertical  section  of  pipe  is  supported  at  every  wall  girt.  The  horizontal 
section  of  pipe  above  the  rear  hangar  door  is  supported  at  the  W6  x  9  "post”  member  of  the  wind  truss 
above  the  rear  hangar  door.  The  6  in.  pipe,  now  again  at  8  ft  above  the  floor  just  past  the  position  of  the 
open  rear  hangar  door,  branches  into  a  4  in.  pipe  that  again  drops  down  to  another  rear  door  monitor 
nozzle.  This  6  in.  pipe  also  branches  off  to  another  4  in.  pipe  that  runs  horizontally  along  the  side  wall, 
at  8  ft  above  the  floor  to  the  side  wall,  and  then  runs  all  the  way  up  to  the  oscillating  monitor  nozzle  near 
the  front  of  the  building.  Again  this  4  in.  pipe  is  supported  at  every  column  and  at  an  intermediate  point 
to  the  wall  girt  with  a  structural  tubing  member. 

The  minimum  pipe  length  per  support,  for  the  6  in.  horizontal  pipe  attached  to  the  columns  and 
wall  girts,  is  132  in.  and  the  maximum  is  168  in.  The  minimum  weight  per  isolator  is  170  lb  and  the 
maximum  is  240  lb.  The  peak  acceleration  levels  used  for  the  support  motion  will  be  lower  at  the  wall 
columns  than  for  the  wall  girt.  These  levels  will  decrease  by  the  ratio  of  their  load  factors  as  given  in 
Table  6.  The  frequency  at  which  these  peaks  occur  will  be  approximately  the  same  because  both  the 
columns  and  girts  are  being  driven  by  the  wall  panel/wall  girt  motion.  However,  since  the  pipe  is  being 
supported  by  both  wall  columns  and  wall  girts,  the  vibration  isolation  design  will  be  based  on  the  more 
severe  wall  girt  motion.  The  mass  loading  benefits,  when  supporting  at  the  column,  are  minimal  because 
the  mass  of  the  isolated  pipe  is  very  small  relative  to  the  mass  of  the  column  system  (5035  lb  for  the  back 
wall,  as  given  in  Table  6a).  Thus,  the  effective  acceleration  values  are  quite  large.  The  N  isolator  is 
recommended  for  supporting  this  pipe,  for  which  the  maximum  dynamic  load  is  435  lb  (as  indicated  in 
Table  22b). 

The  minimum  pipe  length  per  support  for  the  4  in.  pipe  is  93  in.  at  the  point  were  the  pipe  drops 
down  to  the  monitor  nozzle,  and  the  maximum  length  is  168  in.  The  minimum  weight  per  isolator  is  65 
lb  and  the  maximum  is  125  lb.  The  65  lb  minimum  weight  includes  a  small  contribtution  from  the  pipe 
elbow  where  the  pipe  drops  down  to  the  monitor  nozzle.  As  for  the  6  in.  pipe,  the  wall  girt  motion  will 
be  used  for  defining  the  support  motion  of  the  4  in.  pipe.  The  I  isolator  is  recommended  for  supporting 
this  pipe,  for  which  the  maximum  dynamic  load  is  231  lb  (Table  22b). 

The  minimum  pipe  length  per  support  for  the  6  in.  vertical  pipe  is  54  in.  and  the  maximum  length 
is  90  in.  The  minimum  weight  per  isolator  is  70  lb  and  the  maximum  is  130  lb.  The  M  isolator  is 
recommended  for  supporting  this  pipe,  for  which  the  maximum  dynamic  load  is  224  lb  (Table  22b). 

For  the  6  in.  horizontal  pipe  supported  by  the  wind  truss  over  the  rear  hangar  door,  the  minimum 
pipe  length  per  support  is  90  in.  and  the  maximum  length  is  144  in.  The  minimum  weight  per  isolator 
is  1 15  lb  and  the  maximum  is  200  lb.  The  support  motion  for  this  location  is  determined  by  the  motion 
of  both  the  wall  panels  and  roof  panels.  The  wall  panel/wall  girt  motion  is  more  severe  than  that  of  the 
roof  panel/bar  joist  motion,  as  seen  by  comparing  the  peak  acceleration  values  in  Tables  12a  and  I4d.  The 


Mechanical  Drawings  No.  25,  26,  and  28  for  the  AMD. 

Mechanical  Drawings  No.  25  (Note  6),  26,  27,  and  28;  Fire  Protection  Drawing  No.  1  for  the  AMD. 
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wind  truss  will  be  driven  by  the  wall  panel/wall  girt  system  vibro-acoustic  response,  through  the  back  wall 
columns.  The  wind  truss  can  conservatively  be  assumed  to  vibrate  at  the  same  modes  as  the  wall  girts, 
but  at  reduced  acceleration  levels.  The  peak  acceleration  and  frequency  data  used  to  calculate  the  isolator 
response  are  the  same  data  taken  from  the  wall  girt  response  in  Table  14  multiplied  by  the  ratio  of  the 
back  wall  column  load  factor  over  the  back  wall  girt  load  factor.  These  load  factors  are  taken  from  Table 
6a.  The  calculations  for  the  peak  acceleration  and  transmissibility  at  the  wind  truss  are  shown  in  Table 
18.  The  N  isolator  is  recommended  for  supporting  this  pipe,  and  the  maximum  dynamic  load  is  313  lb 
(Table  22c). 

General  Rer  jmmendations  for  Pipe  Systems 

The  following  general  recommendations  concern  all  AMD  pipe  systems. 

Care  must  be  exercised  with  pipe  valves  because  they  may  input  some  eccentric  loading  on  the 
pipes.  A  separate  support  may  be  needed  for  large  pipe  valves. 

If  possible,  supports  should  be  located  near  large  pipe  fittings.  However  the  minimum  support 
spacing  or  weight  per  isolator  must  not  be  violated  for  the  isolated  pipe.  (These  values  were  given  in 
Tables  16  and  22.) 

The  1  in.  fire  protection  pipe  that  follows  the  columns  from  the  roof  should  not  be  attached  near 
the  90  degree  comer  as  it  comes  down  the  column.  A  minimum  spacing  to  either  a  wall  or  roof  member 
should  be  at  least  2  ft  from  the  come:,  to  allow  adequate  flexibility  in  the  pipe. 


Lighting  Fixtures 

The  high  bay  area  of  the  AMD  contains  a  number  of  lighting  systems.  The  high-intensity  discharge 
(HID)  lights  provide  the  primary  overhead  lighting  for  the  high  bay  area.  Fire  protection  strobe  and 
beacon  lights  are  attached  to  the  walls  in  the  high  bay  area,  and  emergency  exit  lights  arc  located  above 
personnel  doors.  Most  of  these  lighting  fixtures  will  need  to  be  isolated  from  the  building  motions  as 
described  in  the  following  sections. 

HID  Lights 

The  original  HID  lighting  fixture  support  structure  consisted  of  an  additional  structural  frame  to 
support  the  lights  at  the  optimum  locations.  This  light  grid  was  to  be  supported  by  the  main  roof  truss 
system.  However,  preliminary  analysis  indicated  that  the  light  grid  would  vibrate  at  a  level  significantly 
amplified  from  the  motion  of  the  primary  roof  truss  system.  This  would  cause  vibration  loads  to  the 
lighting  grid,  both  from  the  weight  of  the  grid  members  and  the  weight  of  the  lighting  fixtures.  The  size 
of  the  grid  members  would  have  been  significantly  increased  to  accommodate  these  loads,  thus  adding 
significant  weight  to  the  entire  roof  truss  system.  Therefore,  a  modification  was  made  to  remove  the  light 
grid  system  completely  and  support  the  lighting  fixtures  from  the  bottom  cord  of  the  trusses.* 

The  total  weight  of  the  overhead  HID  lighting  fixtures  is  55  lb  for  the  primary  fixtures  and  43  lb 
for  smaller  fixtures.  These  fixtures  should  be  isolated  to  protect  them  from  the  motion  of  the  roof  truss 
and  reduce  the  additional  load  on  the  roof  truss.  The  peak  acceleration  levels  at  roof  truss  arc  based  on 
the  roof  pancl/bar  joist  system  vibro-acoustic  response.  The  roof  truss  can  conservatively  be  assumed  to 


Electrical  Drawings  No.  1,  3,  and  5;  Specifications  for  Construction  16415  31,  for  the  AMD. 


117 


vibrate  at  the  same  modes  as  die  roof  bar  joist,  but  at  reduced  acceleration  levels.  The  peak  acceleration 
and  frequency  data  used  to  calculate  the  isolator  response  are  the  same  data  taken  from  the  bar  joist 
response  in  Table  H5  or  12  multiplied  by  the  ratio  of  the  truss  load  factor  over  the  bar  joist  load  factor. 
The  calculations  for  the  peak  acceleration  and  transmissibility  at  the  roof  truss  are  shown  in  Table  I7b. 
Each  light  fixture  should  be  supported  with  a  single  isolator.  The  minimum  and  maximum  weights  for 
the  55  lb  light  fixture  are  taken  as  50  and  60  lb  respectively.  This  fixture  should  be  supported  with  an 
A  isolator.  The  maximum  dynamic  load  is  78  lb,  as  indicated  in  Table  22 c. 

The  minimum  and  maximum  weights  for  the  43  lb  light  fixture  are  taken  as  40  and  50  lb 
respectively.  The  transmissibility  and  peak  acceleration  levels  have  been  calculated  as  shown  in  Table 
I7c.  This  fixture  should  also  be  supported  with  an  A  isolator.  The  maximum  dynamic  load  is  65  lb,  as 
indicated  in  Table  22c.  Figure  51  illustrates  the  isolation  detail  for  a  typical  HID  light  fixture  supported 
at  the  bottom  cord  of  the  roof  truss. 


Figure  51.  HID  light  fixture  support  detail. 
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Fire  Protection  Strobe  and  Beacon  Lights 


Fire  protection  strobe  and  beacon  lighting  will  be  attached  to  the  wall  girts  inside  the  maintenance 
dock  bays.  These  fixtures  should  also  be  isolated  to  protect  them  from  the  high  acceleration  levels  of  the 
wall  girts.  The  weight  of  the  strobe  light  fixture  is  10  lb,  and  minimum  and  maximum  weights  of  8  and 
12  lb  respectively  are  used  for  the  calculations.  This  fixture  should  be  supported  with  a  C  isolator,  for 
which  the  maximum  dynamic  load  becomes  22  lb  as  indicated  in  Table  22b.  The  weight  of  the  beacon 
light  fixture  is  9  lb,  and  minimum  and  maximum  weights  of  7  and  1 1  lb  respectively  are  used  for  the 
calculations.  This  fixture  should  also  be  supported  with  a  C  isolator,  for  which  the  maximum  dynamic 
load  becomes  21  lb  (Table  22b).  Figure  52  illustrates  the  isolation  detail  for  a  typical  fire  protection 
lighting  fixture  supported  at  a  wall  girt 


Figure  52.  Strobe  light  fixture  support  detail. 
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Emergency  Exit  Lights 

Emergency  exit  lights  will  be  located  above  personnel  doors.  They  will  be  attached  to  the  frame 
of  both  the  front  and  rear  hangar  doors,  the  concrete  masonry  unit  (CMU)  side  wall,  and  a  girt  on  the 
opposite  side  wall.  The  light  attached  to  the  front  door  and  CMU  wall  will  experience  little  vibration 
because  the  front  hangar  door  will  be  protected  in  the  door  pocket  when  the  building  is  being  acoustically 
loaded  and  the  CMU  wall  will  not  respond  significantly  to  the  acoustic  loads.  However,  the  light  attached 
to  the  rear  hangar  door  and  the  wall  girt  will  experience  significant  vibration.  The  individual  wall  panels 
of  the  rear  door  will  vibrate  at  a  similar  fundamental  frequency  (11  Hz  for  the  panel  size  and  gage 
indicated  in  Table  H8)  as  the  wall  girts,  but  lower  acceleration  levels  (5.7  g  versus  8  g  for  the  wall  girt 
as  indicated  in  Table  6a).  Therefore,  the  acceleration  levels  used  to  calculate  the  response  of  this  system 
will  conservatively  use  the  same  levels  as  for  the  beacon  light,  which  is  attached  to  the  wall  gin.  These 
are  shown  in  Table  I4f.  The  weight  of  the  Type  650  emergency  exit  light  is  15  lb,  and  minimum  and 
maximum  weights  of  12  and  18  lb  respectively  are  used  for  the  calculations.  The  fixture  attached  to  the 
wall  girt  and  rear  hangar  door  frame  should  be  supported  with  a  C  isolator.  The  maximum  dynamic  load 
is  33  lb,  as  indicated  in  Table  22b.  The  emergency  exit  light  attached  to  the  wall  girt  will  be  very  similar 
to  the  strobe  light  support  shown  in  Figure  52.  The  attachment  of  the  emergency  exit  light  to  the  rear 
hangar  door  frame,  using  a  C  isolator,  is  illustrated  in  Figure  53. 


Interior 

Liner  Panel - ) 


Figure  53.  Emergency  exit  light  Fixture. 
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General  Recommendations  for  Lighting  Fixtures 

The  following  general  recommendations  should  be  followed  to  assure  that  the  lights  do  not  become 
a  hazard: 

1.  Each  lighting  fixture  should  have  a  shield  to  prevent  the  bulb  from  falling. 

2.  Use  steel  safety  wire  locking  for  the  bolted  connection  of  the  HID  lighting  fixture. 

3.  Provide  a  fail-safe  backup  for  HID  light  supports,  such  as  a  snug  cable  draped  over  the  bottom 
cord  of  the  roof  trusses.  This  cable  must  not  hinder  free  deflection  of  the  isolator. 

4.  Do  not  run  rigid  conduit  into  lighting  fixtures;  provide  for  flexible  cables. 

Figure  54  illustrates  examples  of  shockproof  designs  for  lights.  These  do  not  represent  USACERL 
recommendations,  but  the  supplier  responsible  for  providing  qualified  lights  may  find  these  diagrams 
helpful. 


(Source:  C.M.  Hams,  Shock  and  Vibration  Handbook.  3rd  ed.  [1988],  Fig.  43.29. 
Reproduced  with  the  permission  of  McGraw-Hill,  Inc.) 

(A)  Rubber  insert  between  screw  base  and  glass  bulb 

(B)  Rubber-covered  socket  and  flexible  cable 

(C)  Flexible  U-shaped  fiat  spring  mounting. 


Figure  54.  Shockproof  designs  for  lights. 
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9  CONCLUSIONS  AND  RECOMMENDATIONS 


Conclusions 

An  evaluation  of  the  acoustic  environment  estimated  for  the  high  bay  portions  of  the  AMD  and  its 
effects  on  structure  and  equipment  indicates  the  following: 

The  middle  two-thirds  of  the  AMD  will  receive  the  highest  acoustic  exposure  for  various  positions 
of  the  main  engine.  However,  due  to  the  effects  of  acoustic  reverberations,  high  sound  levels  will  exist 
throughout  the  facility. 

The  acoustic  environment  from  operations  at  6820  rpm,  the  maximum  level  evaluated  in  detail  in 
this  study,  would  be  expected  to  cause  some  secondary  structural  failures  or  equipment  malfunction  if  the 
design  loads  developed  in  this  report  are  not  considered.  Only  secondary  structures,  i.e.,  walls  and  ceiling 
panels  (primarily  at  fastener  locations),  would  be  at  risk  in  the  absence  of  proper  design.  However,  if  the 
operational  condition  for  the  main  engines  is  increased  to  8060  rpm,  failures  of  some  secondary  structure 
and  equipment  mounting  are  probable  unless  the  design  loads  defined  herein  are  increased  by  about  320 
percent.  Operation  of  the  main  engines  at  an  idle  rpm  of  3220  rpm  is  not  expected  to  cause  structural 
failures  or  equipment  malfunctions  under  any  conditions. 

Maximum  static  pressure  design  loads  equivalent  to  the  acoustic  environment  will  be  as  high  as  ±32 
psf  on  the  back  wall.  These  loads  are  comparable  to,  or  exceed  in  magnitude,  the  maximum  static 
pressure  loads  from  wind  or  snow,  but  they  should  be  within  the  design  capability  of  presently  envisioned 
wall  panels  if  care  is  taken  on  panel  fastener  details. 

It  should  not  be  necessary  to  combine  the  equivalent  acoustic  loads  with  the  other  static  design 
loads,  except  for  snow  loads  on  the  roof.  However,  in  this  case,  as  snow  load  builds  up,  the  response  to 
acoustic  loading  will  decrease,  so  the  combined  loads  will  not  add  linearly. 

Dynamic  load  factors  due  to  acoustically  induced  vibration  will  vary,  depending  on  mounting 
location  and  equipment  mass.  For  equipment  not  mounted  on  panels  or  the  surface  of  the  draft  curtain, 
vibration  load  factors  are  estimated  to  be  no  greater  than  8  g. 

Some  cost  benefit  may  be  achieved  by  adding  acoustic  absorption  inside  the  AMD,  but  the  data 
needed  for  analyzing  cost  tradeoffs  in  detail  were  not  available  at  this  point  in  the  research.  Part  of  the 
reason  for  a  possible  benefit  could  be  associated  with  limitations  on  noise  exposure  time  for  personnel 
inside  the  AMD  during  low-level  maintenance  operations. 


Recommendations 

It  is  recommended  that  numerous  strengthening  and  vibration-isolation  measures,  as  developed  in 
Chapters  7  and  8,  be  taken  to  ensure  the  integrity  of  this  facility. 

Cost  savings  in  the  form  of  relaxed  design  requirements  may  be  appropriate.  If  so,  it  is 
recommended  that: 

1.  Limited  vibro-acoustic  response  data  be  collected  in  a  similar  high  bay  building  to  confirm  the 
predictions  developed  in  this  study 
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2.  An  acoustic  test  on  one  or  more  prototype  wall  panel  design  concepts  should  be  conducted  to 
validate  their  structural  integrity  and  fastener  design  concepts  long  before  construction  is  completed. 

It  is  recommended  that  every  effort  be  made  to  use  currently  available  resources  of  information  on 
fragility  levels  of  proposed  equipment,  to  allow  prequalification  by  example,  test  data,  or  design  analysis 
of  as  much  of  the  vibration-sensitive  equipment  in  the  AMD  as  possible. 
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APPENDIX  A:  List  of  AMD  Components  and  Initial  Indication  of 
Potential  Sensitivity  to  Vibro-Acoustic  Loads 


Items  Marked  May  be  Sensitive  Components 


•  Drawings,  Design  Analysis 
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Items  Marked  May  be  Sensitive  Components 


I 


*  Drawings.  Design  Analysis,  or  Specifications 
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APPENDIX  B:  Calculation  of  the  Acoustic  Environment  Inside  the  AMD 


Calculation  of  the  acoustic  environment  of  the  AMD  has  been  carried  out  as  detailed  in  this 
appendix.  This  has  involved  determination  of  the  reverberant  field  sound  levels  from  the  auxiliary  power 
sources  (auxiliary  power  units)  and  primary  noise  sources  (main  engines),  and  the  direct  field  sound  levels 
from  these  same  noise  sources.  (The  direct  sound  field  from  the  auxiliary  power  sources  is  not 
significant.)  The  overall  acoustic  levels  on  the  AMD  structure  arc  then  found  from  an  energy  sum  of 
these  reverberant  and  direct  components  of  the  sound  field.  In  all  cases,  the  effective  sound  levels  on  the 
AMD  have  been  corrected  to  account  for  the  effect  of  reflection  at  the  boundaries. 


SOUND  POWER  LEVELS 

The  starting  point  for  development  of  the  reverberant  sound  levels  was  the  determination  of  the 
sound  power  output  for  each  source.  The  sound  power  levels  of  the  auxiliary  power  sources  and  primary 
noise  sources  were  calculated  from  sound  pressure  level  data  supplied  by  the  U.S.  Air  Force. 


Sound  Power  Level  of  Auxiliary  Power  Sources 

The  sound  power  level  of  the  auxiliary  noise  source,  Lw,  is  calculated  from  measured  near  field 
one-third  octave  band  sound  pressure  level  spectra.  This  measured  level,  Lp  at  each  frequency  was 
assumed  to  be  a  space-averaged  value.  This  level  was  used  to  compute  the  sound  power  level  as  follows 
(Bcranck  1971): 


Lw  =  Lp  +  10  log  A  -  0.1,  dB  re  H)'12  walls  lEq  B1 1 

where  A  equals  the  radiation  area  in  square  meters.  Microphone  position  Ml 3  of  the  auxiliary  power 
source  acoustic  test  report  was  located  2.5  ft  (0.762  m)  from  the  center  of  the  auxiliary  power  source 
which  was  assumed  to  be  nondircclional.  Therefore  the  radiation  area  A  (assuming  spherical  radiation), 
would  be: 

A  =  4m2  =  7.30  m2  |Eq  B2 1 

For  example,  the  measured  level  at  the  2.5  ft  radius  was  99  dB  for  the  21K)  Hz  one-third  octave  band.  The 
sound  power  level  of  the  auxiliary  power  source  at  this  frequency  would  be  (note  that  throughout  this 
report,  log  denotes  logarithm  to  the  base  10): 

Lw  =  99  +  10  log  (7.30)  -  0.10  dB 

=  107.5  dB  re  10  12  watts 


Sound  Power  Level  of  Primary  Noise  Sources 

Calculation  of  sound  power  levels  of  the  four  primary  noise  sources  was  carried  out  in  a  different 
fashion,  since  these  noise  sources  arc  very  directional.  The  total  power  is  calculated  from  average  sound 
intensities  over  axisymmctric  segments  over  the  sphere  of  radiation.  For  these  sources,  measured  free  field 
data  were  given  in  10  degree  increments  on  a  150  ft  (45.7  m)  arc  from  20°  to  160°  (the  sound  field  of 
this  source  is  axisymmctric  about  the  0-1X0°  axis).  The  sound  levels  were  actually  measured  with  a 
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ground  plane  microphone,  however,  the  tabulated  150  ft  sound  level  data  provided  to  Wyle  had  been 
corrected  to  spherical  (free  field)  conditions  by  subtracting  6  dB. 

Refer  to  the  sketch  below,  which  shows,  for  simplicity,  only  half  of  the  spherical  radiation  area. 
For  the  ith  angle  -8,.  relative  to  the  axis  of  symmetry  of  the  source  a  spherical  area  segment  AA(0,)  can 
be  defined.  It  is  assumed,  by  standard  conversion  for  this  type  of  noise  source,  that  the  sound  pressure 
level  (or  more  precisely,  sound  power  per  unit  area)  is  constant  over  this  segment,  i.e.,  the  source 
directionality  pattern  is  axisymmetric. 

By  integration,  the  area  of  the  full  spherical  segment  is  given  by: 


0 

AA(8j)  =  2  /0 ’  ( re  r  sin  0)  (rd0) 

=  2jtr2[cos0j  -  cos02]  [Eq  B3] 


f 

where  0,  =  \  0j  -  5°  for  =  30°  to  160° 

1  0  0,  =  20° 

f 

02  =  i  0j  +  5°  for  0j  =  20°  to  150° 
l  180°  0j =  160° 

Then,  applying  Eq  1B1],  the  element  Lw(8,,f)  of  total  sound  power  passing  through  this  area  segment  is, 
for  each  one- third  octave  band  frequency, 

Lw(8,,f)  =  LpfOj.f)  +  10  log  [AA(0j)J  -  0.1,  dB  re  1012  watts  [Eq  B4] 

where  Lp(0j,f)  is  the  one-third  octave  band  sound  pressure  level  at  frequency  f. 

The  overall  sound  power  Lw(f)  at  this  frequency  is  then  given  by  the  energy  sum: 

Lw(f)  =  10  log£  10  ^  ,dB  re  10'12  watts  B5^ 


Repeating  this  process  for  each  frequency  provides  the  complete  sound  power  spectrum  needed  to  define 
the  reverberant  sound  field. 

Table  B1  provides  a  sample  calculation  of  the  one-third  octave  band  sound  power  level  for  one  of 
the  primary  noise  sources  for  the  case  of  6820  rpm  at  the  peak  frequency  of  the  spectrum,  200  Hz. 


Table  B1 


Sample  Calculation  of  One-Third  Octave  Band  Sound  Power  Level  at  200  Hz 

(Input  Data  Provided  by  Main  Engine  Manufacturer) 


0i 

egrees) 

Lp(0i,f) 

dB 

AAjfeo 

nr 

IQLw(0i4)/IO 
Rel.  Sound  Power 

20 

88.7 

1231 

9 

X 

1011 

30 

89.3 

1145 

10 

X 

10" 

40 

90.0 

1472 

14 

X 

10u 

50 

90.9 

1754 

21 

X 

1011 

60 

90.0 

1983 

19 

X 

10n 

70 

91.1 

2151 

27 

X 

10" 

80 

92.6 

2255 

40 

X 

10" 

90 

94.9 

2289 

69 

X 

10" 

100 

96.4 

2255 

96 

X 

10" 

110 

99.2 

2151 

175 

X 

10" 

120 

103.0 

1983 

387 

X 

10" 

130 

109.5 

1754 

1528 

X 

10" 

140 

114.1 

1472 

3697 

X 

10" 

150 

114.2 

1145 

2943 

X 

10" 

160 

114.5 

1231 

3390 

X 

10" 

Total  =  12,430  x  10" 


Note:  Total  Lw(f)  =  10  log  (12.430  x  10n)  =  150.9  dB  re  1012  watts. 


REVERBERANT  SOUND  PRESSURE  LEVELS 

For  an  ideal  diffuse  (reverberant)  sound  field,  the  sound  pressure  level  at  positions  well  removed 
from  any  boundaries  is  given  by  Beranek  (1971): 

Lr  =  L  -  lOlog  [-  1°!—]  +  0.1, db  [Eq  B6] 

4(1 -op 


where 


S  =  Interior  surface  area,  m2 
a,  =  Mean  acoustic  absorption  coefficient 

£“i'si  * 4mV 

£  s> 


a,,  Sj  =  Acoustic  absorption  coefficient  and  area  for  ith  surface 
m  =  Atmospheric  absorption  coefficient,  m'1 
V  =  Room  volume,  m3 
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Interior  Surface  Absorption 


Based  on  the  geometry  of  one  high-bay  area  of  the  AMD  shown  in  Figure  Bl,  the  values  assumed, 
for  design  purposes,  for  the  acoustic  absorption  for  each  internal  surface  are  listed  in  Table  B2.  Note  that 
for  the  sake  of  conservative  design,  a  value  of  a  =  0  is  used  for  absorption  at  the  walls  and  roof  instead 
of  a  more  typical  value  of  a  =  0.1.  This  assumption  increases  the  reverberant  sound  level  by  2.2  dB 
within  the  margin  of  error  of  the  environmental  estimates.  Furthermore,  as  will  be  shown  later,  maximum 
sound  levels  inside  the  AMD  are  dominated  by  the  direct  field  and  the  net  increase  in  maximum  sound 
levels  due  to  this  assumption  is  only  0.2  dB. 

One  additional  conservative  assumption  should  be  pointed  out.  An  area  of  approximately  51  sq.  ft 
on  the  back  wall  above  the  door  opening  consists  of  louvers  for  ventilation  purposes.  The  surface 
absorption  coefficient  of  this  louvered  area  can  be  expected  to  fall  between  about  0.5  and  0.9.  Assuming 
a  value  of  0.7,  the  added  acoustic  absorption  area  is  36  m2,  or  less  than  5  percent  of  the  total  absorption 
provided  by  the  open  doors.  The  effective  reverberant  or  direct  sound  levels  on  these  louvers  will  be 
somewhat  lower  than  for  adjacent  wall  areas  due  to  a  reduced  reflection  effect  but  the  more  flexible  nature 
of  these  louvers  and  their  potential  susceptibility  to  acoustically-induced  vibration  dictates  that  the  design 
acoustic  load  on  these  louvered  areas  not  be  reduced  below  that  for  solid  wall  areas. 


Interior  Volume  Absorption 


Volume  absorption  inside  the  AMD  will  occur  due  to:  (a)  atmospheric  absorption,  and  (b)  absorption 
by  the  internal  equipment  and  test  systems.  The  latter  source  of  acoustic  absorption  is  expected  to  be  a 
small  part  of  the  total  and  was  neglected  for  this  report.  The  absorption  due  to  atmospheric  absorption 
in  the  air  inside  the  AMD  is  defined  by  the  quantity  4mV  where  V  is  the  interior  volume  m\  and  m  is 
the  intensity  loss  coefficient  due  to  atmospheric  absorption  and  equal  to: 


m  = - t - ,m 

10001og(e) 


-l 


[Eq  B7] 


where  a  equals  the  atmospheric  attenuation  coefficient  in  dB/lOOm  (ANSI  SI. 26- 1978).  Based  on  the 
dimensions  in  Figure  Bl,  V  equals  28,113m3  so  that: 


4m  V  =  <4*28»-113> 
[1000xlog(e)] 


x  a  =  259  x  a,  m2 


Assuming  a  standard  day  of  20°C,  70  percent  RH,  and  defining  a,  dB/100  m  from  ANSI  SI .26- 1978  for 
these  conditions.  Table  B3  defines  the  frequency-dependent  values  for  the  volume  absorption  term  4m  V. 
along  with  the  remaining  quantities  required  to  define  the  total  reverberant  sound  level  according  to  Eq 
B6,  given  the  total  sound  powers  for  the  four  primary  sources  or  the  two  auxiliary  power  sources. 

Reverberant  Sound  Pressure  Levels  on  AMD  Structures 

The  reverberant  sound  level  Lr  defined  by  Eq  B6  is  the  free  field  value  for  positions  well  removed 
from  any  surface.  The  effective  reverberant  levels  on  the  AMD  structure  must  account  for  the  effect  of 
reflection  at  the  surface  of  the  structure.  As  shown  in  Waterhouse  (1955),  at  all  wall  surfaces,  a  correction 
of  +3  dB  must  be  added  to  values  of  Lr  from  Eq  6  to  define  effective  reverberant  field  sound  levels  on 
the  surface.  At  a  wall-roof  or  wall-floor  edge,  the  correction  is  +6  dB,  and  +9  dB  at  a  3  plane  comer. 
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Surface 

Element 

- Area  (Sj) — 

ft1 

m2 

(Oj) 

Absorption 

Coefficient 

- Absorption 

Base**  I 

m2 

Sides 

9,546 

887 

0-.2 

89 

Floor 

23,088 

2,145 

0 

0 

Roof 

23,181 

2,154 

0-.2 

215 

Back  Wallt 

5,874 

546 

0-.2 

55 

Front  Wall 

4,097 

381 

0-.2 

38 

Back  Door 

2.030 

189 

1.0 

189 

Front  Door 

5,887 

547 

1.0 

547 

TOTAL  AREA 

73,703 

6.849 

£(a,S,)  = 

1,133 

Range  of  absorption  coefficients  evaluated  for  walls  and  roof. 

Baseline  values  for  absorption  using  =  0.1  for  walls  and  roof. 

Design  values  for  absorption  using  =  0  for  walls  and  roof. 

^  Including  inside  surface  of  opened  back  door  located  along  back  wall. 
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Table  B3 


Summary  of  Calculation  of  Reverberant  Sound  Pressure  Levels 
Design  Case,  a  (Walls,  Roof)  =  0 


- Lw*** -  - Lrt - 

l/3rd 

o.b.  Main  Main 


Freq 

Hz 

Alpha 

db/lOOm 

4raV 

m2 

—  »• 

Lr-Lw 

dB 

Engines 

dB 

API 

dB 

Engines 

dB 

APL 

dB 

12.5 

0.0004 

0.09 

0.107 

-23.0 

126.0 

106.0 

16 

0.0006 

0.15 

0.107 

-23.0 

128.8 

108.8 

20 

0.0009 

0.24 

0.107 

-23.0 

132.6 

83.5 

112.6 

63.5 

25 

0.0014 

0.37 

0.108 

-23.0 

135.8 

94.5 

115.8 

74.5 

31.5 

0.0023 

0.59 

0.108 

-23.0 

139.6 

93.5 

119.6 

73.5 

40 

0.0036 

0.94 

0.108 

-23.0 

142.4 

95.0 

122.4 

75.0 

50 

0.006 

1.47 

0.108 

-23.1 

145.3 

96.5 

125.2 

76.5 

63 

0.009 

2.32 

0.108 

-23.1 

147.3 

100.5 

127.2 

80.5 

80 

0.014 

3.69 

0.108 

-23.1 

149.7 

105.5 

129.6 

85.5 

100 

0.022 

5.68 

0.108 

-23.1 

151.9 

106.5 

131.8 

86.5 

125 

0.034 

8.67 

0.109 

-23.1 

153.7 

106.5 

133.6 

86.4 

j60 

0.053 

13.6 

0.109 

-23.1 

155.1 

109.0 

135.0 

88.9 

200 

0.078 

20.2 

0.110 

-23.2 

157.0 

110.5 

136.8 

90.4 

250 

0.112 

29.1 

0.112 

-23.2 

158.4 

113.5 

138.2 

93.3 

315 

0.159 

41.1 

0.113 

-23.3 

155.7 

110.6 

135.4 

90.3 

400 

0.217 

56.3 

0.116 

-23.4 

154.4 

113.9 

134.0 

93.5 

500 

0.279 

72.3 

0.118 

-23.5 

153.3 

110.5 

132.8 

90.0 

630 

0.348 

90.0 

0.121 

-23.6 

151.9 

111.5 

131.3 

90.9 

800 

0.422 

109 

0.123 

-23.7 

150.5 

119.0 

129.8 

98.3 

1000 

0.498 

129 

0.126 

-23.8 

149.6 

108.4 

128.8 

87.6 

1250 

0.589 

153 

0.130 

-24.0 

148.3 

113.4 

127.3 

92.5 

1600 

0.725 

188 

0.135 

-24.2 

147.0 

113.4 

125.8 

92.3 

2000 

0.905 

234 

0.142 

-24.4 

145.5 

113.5 

124.1 

92.1 

2500 

1.174 

304 

0.152 

-24.8 

143.9 

113.9 

122.1 

92.2 

3150 

1.606 

416 

0.168 

-25.3 

143.0 

116.5 

120.7 

94.2 

4000 

2.312 

599 

0.195 

-26.1 

145.2 

117.0 

122.1 

94.0 

5000 

3.351 

867 

0.234 

-27.1 

141.6 

118.1 

117.5 

94.1 

6300 

5.031 

1303 

0.298 

-28.5 

134.6 

118.7 

109.1 

93.2 

8000 

7.778 

2014 

0.401 

-30.5 

131.1 

119.8 

103.6 

92.3 

10000 

11.774 

3048 

0.553 

-33.2 

127.8 

124.5 

97.6 

94.4 

Attenuation  coefficient  due  to  atmospheric  absorption  from  ANSI  SI  .26- 1978  for  temperature  =  20  °C,  relative  humidity 
=  70  percent. 

Total  absorption  coefficient  for  sum  |  a.  %  S  =  736  m2  ]  for  design  case;  sec  Eq  B6. 

Total  sound  power  level  in  dB  re:  10('12'  watts  for  4  mam  engines  and  2  APU’s 
*  Resultant  total  sound  pressure  level  on  inside  of  AMD  walls  (Add  3  dB  at  edge  or  6  dB  at  corner). 
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The  last  two  columns  in  Table  B3  list  these  resultant  reverberant  one-third  octave  band  sound  pressure 
levels,  including  the  +3  dB  correction  to  account  for  the  reflection  effect  at  the  AMD  interior  wall  and 
roof  surfaces. 

Figure  B2  shows  the  estimated  one-third  octave  band  reverberation  sound  pressure  level  spectra  at 
any  interior  surface  of  the  AMD,  not  close  to  an  interior  edge  or  comer.  The  figure  shows  this  spectra 
computed  according  to  the  preceding  methods  for  four  different  power  (rpm)  settings  of  the  primary  source 
and  for  a  maintenance  power  setting  for  the  auxiliary  power  units.  The  levels  labeled  with  an  rpm  are 
the  composite  values  for  four  main  engines  and  two  auxiliary  power  units  operating  simultaneously. 


DIRECT  SOUND  FIELD 

The  direct  sound  field  for  the  auxiliary  power  units  was  calculated  from  measured  near  field  data, 
assuming  a  nondi recti onal  point  source.  For  the  main  engine,  sound  level  contours  measured  in  the  near 
field  of  one  engine  was  used  to  estimate  the  direct  sound  field  for  four  such  engines  operating 
simultaneously. 
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ONE -THIRD  OCTAVE  BAND  CENTER  FREQUENCY,  Hz 


(Source  at  reference  position.  40  ft  from  hack  wall,  absorption  coefficient  for  walls  and  roof  =  0.) 

Figure  B2.  Composite  reverberant  sound  level  spectra  on  walls  of  AMD  facility  for  various 
power  settings  (rpm)  of  main  engines  or  for  auxiliary  power  units  operating  at 
maintenance  power. 
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Direct  Field  Sound  Pressure  Levels  from  Auxiliary  Power  Units 


The  direct  sound  field  for  the  auxiliary  power  unit  can  be  defined  from  the  measured  near  field 
levels  for  this  assumed  nondirectional  source.  The  applicable  expression  for  the  one-third  octave  band 
sound  pressure  level  Lp  of  this  source  is: 


Lp  =  Lp(ref)  ♦  10  log  (Jl)2,  dB  re  20pPa 


[Eq  B8] 


where 

Lp(ref)  =  The  measured  one-third  octave  band  sound  pressure  level  at  2.5  ft,  dB 

R  =  Distance  from  the  center  of  the  auxiliary  power  units  to  the  desired  location  where  the 
direct  field  level  is  to  be  defined,  ft 

Figure  B3  shows  the  one-third  octave  band  sound  pressure  level  data  provided  to  USACERL  which  was 
measured  at  a  2.5  ft  radius  for  one  auxiliary  power  unit  at  a  normal  maintenance  power  setting  and  at 
MES  power  setting.  The  latter  condition  is  associated  with  initial  operation  of  the  main  engines.  The 
levels  for  the  two  conditions  are  essentially  identical.  The  reference  positions  of  the  two  auxiliary  power 
units  are: 

•  Fore  and  Aft  -  73.5  ft  forward  of  back  wall 

•  Lateral  ±18.5  ft  on  either  side  of  AMD  centerline 

•  Vertical  14  ft  above  floor. 

Based  on  Eq  B8,  the  maximum  one-third  octave  band  level  at  frequencies  significant  for  structural 
response  (below  1000  Hz)  will  be  less  than  about  91  dB  of  the  bottom  of  the  draft  curtain  (R  =  16  ft)  the 
closest  AMD  structure  to  the  auxiliary  power  units.  Such  levels  will  not  generate  significant  structural 
vibration  response  at  the  draft  curtain  structure  or  any  adjacent  structure-mounted  equipment,  and  can  be 
ignored. 

Direct  Field  Sound  Pressure  Levels  from  Main  Engines 

As  indicated  earlier,  near  field  noise  contours  of  one-third  octave  band  levels  for  the  main  engine 
were  provided  to  USACERL  in  the  main  engine  manufacturer’s  test  report.  Figure  B4  shows  a  typical 
example  of  such  contours  for  the  200  Hz  one-third  octave  band  and  for  a  power  setting  corresponding  to 
6820  rpm.  Also  shown  on  the  figure  are  elevation  and  plan  views  of  the  positions  that  the  roof  and  back 
wall  respectively  would  occupy  for  the  nominal  reference  position  of  one  of  the  main  engines.  Both  of 
the  views  can  be  shown  in  this  figure  since  the  noise  contours  can  be  rotated,  without  change,  about  the 
axis  of  symmetry  of  the  engine. 

The  reference  positions  of  the  exit  planes  of  the  four  main  engines  are: 

•  Fore  and  aft  40  ft  forward  of  back  wall 

•  Lateral  ±10.4  and  ±15.1  ft  on  either  side  of  AMD  centerline 

•  Vertical  1 3  ft  above  floor. 
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SOUND  PRESSURE  LEVEL  IN  DB  RE  20*iPa 

80  90  100  110 
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ONE-THIRO  OCTAVE  BRNO  CENTER  FREQUENCY.  HZ 


□  -  Maintenance  power  setting  o  -  MES  power  setting 

(Data  from  auxiliary  power  source  manufacturer.) 

Figure  B3.  One-third  octave  band  sound  pressure  levels  at  radius  of  2.5  ft  from  center  of 
auxiliary  power  unit. 
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Development  of  the  direct  field  sound  levels  on  the  AMD  structure  for  the  main  engines  involved  use  of 
the  type  of  overlay  on  noise  contours  illustrated  in  Figure  B4  and,  using  interpolation  where  necessary, 
establishing  the  near  field  levels  at  positions  of  interest  on  the  AMD  structure.  For  each  of  the  main 
engines  this  process  was  carried  out  for  each  set  of  the  contours  provided  for  one-third  octave  band  sound 
levels,  at  octave  band  frequency  intervals,  from  50  to  6300  Hz.  This  process  was  repeated  for  each  of 
the  four  main  engines  and  the  total  direct  field  sound  pressure  levels  determined  by  an  energy  summation. 

The  process  was  also  repeated  for  representative  (worst  case)  locations  along  the  AMD  roof 
centerline  for  alternate  (further  forward)  positions  of  the  primary  noise  sources. 


TABULATED  RESULTS 

Following  the  procedures  outlined  in  the  preceding  section,  composite  (energy  sum)  reverberant  plus 
direct  sound  pressure  levels  have  been  determined  for  all  four  main  engines  operating  at  6820  rpm  or  idle 
(3215  rpm)  and  for  the  two  auxiliary  power  units  operating  at  maintenance  power.  These  composite  levels 
have  been  computed  for  the  sources  in  their  reference  positions,  as  specified  in  Chapter  2,  or  at  alternate 
engine  positions  20  ft  and  40  fit  forward  and  at  the  positions  on  the  AMD  structure  indicated  by  the  dashed 
lines  or  filled  squares  shown  in  Figure  B5.  These  results  are  provided  in  Tables  B4  through  B 12,  in  terms 
of  one-third  octave  band  sound  pressure  levels  at  octave  frequency  intervals  from  50  to  6300  Hz. 


Table 

Location 

B4 

Roof  (y  =  0  to  1 10.4  ft,  z  =  37.25-47.25  ft) 

a. 

x  =  103.7  ft,  centerline  of  roof 

b. 

x  =  91  ft,  midway  between  two  main  engines 

c. 

x  =  81  ft 

d. 

x  =  71  ft 

e. 

x  =  61  ft 

B5 

Back  Wall  (y  =  0,  x  =  0  to  103.7  ft) 

a. 

z  =  37.25  ft,  upper  edge  of  back  wall 

b. 

z  =  29  ft,  at  height  of  back  door 

c. 

z  =  20  ft,  halfway  between  (b)  and  (d) 

d. 

z  =  1 1  ft,  2  ft  below  height  of  main  engines 

e. 

z  =  0  ft,  lower  edge  of  back  wall 

B6 

Across  bottom  edge  of  draft  curtain 
(x  =  67.7  to  103.7  ft,  y  =  55  ft,  z  =  30  ft) 

B7 

Up  from  center  of  back  door  and  then  along  centerline  of  roof 

a. 

Main  engines  at  40  ft,  6820  rpm 

b. 

Main  engines  at  60  ft,  6820  rpm 

c. 

Main  engines  at  80  ft,  6820  ipm 

B8 

Same  as  Table  B6  except  main  engines  at  idle  power 

B9 

Lower  midpoint  of  draft  curtain  for  three  positions  of  main  engines 
(y  =  40,  60  and  80  ft) 

a. 

6820  rpm 

b. 

Idle  rpm. 
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where  sound  levels  on  the  inside  of  the  AMD  structure  are  tabulated. 


Composite  Reverberant  Plus  Direct  One-Third  Octave  Band  Sound  Pressure  Levels  on  Roof 

(Main  Engines  at  Y  =  40  ft,  6820  rpm) 
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c)  ACROSS  I  HE  ROOT  I"  OU1  FRO*  RIMMt  K1WEN  SOURCES  U  AW  It 


Composite  Reverberant  Plus  Direct  One-Ttaird  Octave  Band  Sound  Pressure  Levels  on  Back  Wall 

(Main  Engines  at  Y  =  40  ft,  6820  rpm) 
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Table  B5  (Coat'd) 


d)  MO  ■ALL  HI  HIGH!  Of  SWCCtS  U-2t>,  2  *  13  ft 

los..  <1 


r 

0 

15.7 

23.? 

3J.7 

45.7 

41.7 

55.7 

50.7 

65.’ 

tO.  7 

* 

0 

V 

0 

0 

2 

2 

2 

2 

2 

2 

2 

H; 

50 

128.5 

123.3 

125.3 

125.3 

125.4 

125.4 

125.3 

123.6 

123.1 

123.8 

126.1 

too 

154.8 

131.9 

131.9 

131.9 

131.9 

132.1 

132.2 

132.4 

132.9 

133.4 

134.3 

200 

134.1 

156.9 

156.9 

131.0 

137.0 

131.2 

131.3 

ISM 

138.1 

138.4 

138.6 

400 

137.1 

154.1 

134.2 

134.2 

134.3 

134.6 

134.9 

133.4 

135.8 

136.2 

136.1 

800 

132. 9 

150.2 

130.3 

130.5 

130.9 

131.3 

1  >1.1 

132.2 

132.3 

132.7 

132.1 

1600 

128.1 

126.2 

126.3 

126.6 

126.8 

121.4 

121.8 

128.2 

128.3 

128.1 

128.6 

5150 

125.8 

121.5 

121.3 

121.1 

122.2 

122.4 

122.7 

123.0 

123.3 

123.2 

123.1 

6500 

111.2 

IIS.I 

1 13.3 

113.9 

116.6 

116.9 

111.2 

111.3 

117.4 

111.4 

117.3 

e)  HOOH  EKE  Of  8NX  Mil,  z  »  0  ft 


eo5..  it 


■ 

0 

3.7 

13.7 

23.7 

53.7 

43.7 

48.7 

33.7 

58.1 

63.7 

68.7 

r 

0 

0 

0 

0 

2 

2 

2 

2 

2 

4 

2 

fr*q. 

Hi 

5o 

131.2 

128.3 

128.3 

128.3 

128.3 

128.3 

128.4 

128.4 

128.4 

128.3 

128.6 

I0O 

137.8 

134.8 

134.8 

134.8 

134.9 

134.9 

135.0 

135.1 

135.3 

135.5 

135.9 

200 

142.8 

139.8 

159.9 

139.9 

139.9 

I4O.0 

140.1 

140.3 

140.3 

140.6 

140.) 

400 

140.1 

137.1 

137.1 

137.1 

137.2 

137.3 

137.5 

137.6 

137.9 

138.2 

138.3 

800 

135.8 

132.9 

133.0 

133.1 

133.3 

133.7 

133.9 

154.0 

134.3 

134.4 

134.5 

1600 

131.6 

128.8 

128.9 

129.0 

129.2 

129.3 

129.7 

129.9 

130.1 

130.2 

130.0 

3130 

126.7 

123.9 

124.0 

124.1 

124.3 

124.6 

124.7 

124.9 

125.0 

123.1 

123.1 

6300 

119.8 

117.3 

117.3 

117.1 

118.2 

118.3 

118.1 

118.8 

118.8 

118.9 

118.9 

Table  B6 


Composite  Reverberant  Plus  One-Third  Octave  Band  Sound  Pressure  Levels 
Across  Bottom  Edge  of  Draft  Curtain 

(Main  Engines  at  Y  =  40  ft,  6820  rpm) 


Pas.,  ft 


X 

67.7 

73.7 

78.7 

83.7 

88. 7 

93.7 

98.7 

103.7 

y 

55 

55 

55 

55 

55 

55 

55 

55 

z 

30 

30 

30 

30 

50 

30 

30 

30 

Freq. 

H: 


50 

115.3 

125.3 

100 

131.8 

131.9 

200 

136.9 

136.9 

400 

134.1 

134.1 

800 

150.0 

150.0 

1600 

126.0 

126.0 

5150 

121.4 

121.5 

6300 

115.4 

115.6 

125.3 

125.3 

125.3 

131.9 

131.9 

131.9 

136.9 

136.9 

136.9 

134.2 

134.2 

134.2 

130.0 

130.0 

130.1 

126.1 

126.2 

126.2 

121.6 

121.6 

121.6 

115.8 

115.8 

115.8 

125.3 

125.3 

125.3 

131.9 

131.9 

131.9 

136.9 

136.9 

136.9 

134.2 

134.2 

134.2 

130.1 

130.1 

130.1 

126.2 

126.2 

126.2 

121.7 

121.7 

121.7 

115.9 

116.0 

116.0 
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Composite  Reverberant  Plus  Direct  One-Tbird  Octave  Band  Sound  Pressure  Levels 
Along  Line  from  Center  of  Back  Door  Opening  Lp  to  Roof  and  Then  Along  Roof  Centerline 

(for  three  different  positions  of  source:  40  ft,  60  ft.  and  80  ft,  all  at  6820  ipm) 
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Table  B9 


Composite  Reverberant  Plus  Direct  One-Third  Octave  Band  Sound 
Pressure  Levels  At  Lower  Midpoint  of  Back  Side  at  Draft  Curtain 

Note:  Data  for  three  different  positions  of  main  engine: 

Y  =  40  ft,  60  ft  and  80  ft 
(a)  for  6820  rpm,  and  (b)  for  idle  rpm 


(a)  6820  rpm 


Position  - -  -  Source  at 


ft 

40 

60 

80 

X 

103.7 

103.7 

103.7 

Y 

55 

55 

55 

Z 

30 

30 

30 

Freq. 

Hz 

50 

125.3 

125.4 

■>6.3 

100 

131.9 

132.0 

M3.9 

200 

136.9 

137.0 

139.5 

400 

134.2 

134.6 

138.0 

800 

130.2 

131.4 

134.1 

1600 

126.4 

128.2 

130.4 

3150 

121.8 

125.1 

125.4 

6300 

115.8 

123.0 

120.4 

Idle  rpm 

-  -  -  Source  at . 

-  -  . 

ft 

40 

60 

80 

X 

103.7 

103.7 

103.7 

Y 

55 

55 

55 

Z 

30 

30 

30 

Freq. 

Hz 

50 

103.2 

103.9 

104.4 

100 

105.7 

106.7 

108.7 

200 

105.6 

107.0 

107.7 

400 

104.8 

106.9 

106.6 

800 

106.0 

107.9 

106.4 

1600 

108.5 

109.2 

108.3 

3150 

105.4 

106.9 

105.3 

6300 

103.6 

108.5 

105.3 
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Table  BIO 


Effect  of  Changing  Absorption  Coefficient  for  Walls  and  Roof  From 
0  (Hard)  to  0.1  (Soft)  On  Sound  Levels  On  the  Roof  Ceuterline,  5  ft  Forward 

(Main  engines  at  40  ft.  6820  rpm) 


Position  - a(walls) - 


ft 

0 

0.1 

X 

103.7 

103.7 

Y 

5 

5 

Z 

37.7 

37.7 

Freq. 

Hz 

50 

126.0 

124.3 

100 

133.8 

132.6 

200 

138.8 

137.6 

400 

137.3 

136.5 

800 

134.0 

133.4 

1600 

129.3 

128.7 

3150 

124.3 

123.8 

6300 

118.6 

118.2 

Table  Bll 

Effect  of  Closing  Doors  with  Only  APUs  Operating  on 

at  Bottom  Center  of  Back  of  Draft  Curtain 

(Units  at  40  ft,  main  engines  off) 

Position 

Doors 

Doors 

ft 

Open 

Closed 

X 

103.7 

103.7 

Y 

55 

55 

Z 

30 

30 

Freq. 

Hz 

50 

77.1 

79.9 

100 

87.1 

89.9 

200 

91.0 

93.8 

400 

94.3 

96.8 

800 

99.3 

101.5 

100 

93.5 

95.4 

3150 

96.2 

97.7 

6300 

97.4 

98.2 
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Table  B12 


Change  in  Level  for  Operation  at  Idle,  6820,  and  8060  rpm 

(Main  engines  at  40  ft) 


(a)  On  the  roof  centerline,  5  ft  forward. 


Position 


ft 

Idle 

6820 

8060 

X 

103.7 

103.7 

103.7 

V 

5 

5 

5 

z 

37.7 

37.7 

37.7 

Freq. 

Hz 

50 

104.1 

125.6 

135.0 

100 

107.3 

136.5 

141.9 

200 

106.4 

144.1 

147.1 

400 

105.5 

146.8 

148.9 

800 

105.7 

145.0 

147.0 

1600 

107.8 

142.0 

144.0 

3150 

104.7 

138.3 

140.2 

6300 

103.3 

135.0 

136.1 

Between  the  top  of  the  back  door  and  the  roof,  at  the  center. 

Position 

ft 

Idle 

6820 

8060 

X 

103.7 

103.7 

103.7 

Y 

0 

0 

0 

Z 

32 

32 

32 

Freq. 

Hz 

50 

104.6 

1298 

135.8 

100 

107.5 

140.8 

143.7 

200 

106.3 

146.4 

148.4 

400 

104.9 

147.1 

149.2 

800 

105.2 

143.8 

146.3 

1600 

107.6 

139.4 

142.6 

3150 

104.6 

136.2 

139.0 

6300 

102.5 

132.5 

134.3 

To  the  side  of  the  back  door  at  the 

height  of  the  sources. 

Position 

ft 

Idle 

6820 

8060 

X 

68.7 

68.7 

68.7 

Y 

2 

2 

2 

Z 

13 

13 

13 

Freq. 

Hz 

50 

104.1 

127.7 

135.3 

100 

107.1 

138.7 

142.7 

200 

106.1 

144.2 

147.1 

400 

104.8 

145.3 

148.1 

800 

105.5 

142.7 

145.7 

1600 

107.7 

139.3 

142.5 

3150 

104.7 

136.1 

139.0 

6300 

102.9 

132.8 

134.4 

149 


The  results  of  additional  cases  studied  are  also  tabulated  as  follows: 


Table  Condition/Location 

BIO  Effect  of  changing  absorption  coefficient  for  walls  and  roof  from  0  (hard)  to  0.1  (soft),  5  ft 

forward  at  back  wall  on  roof  centerline  (engines  at  40  ft,  6820  rpm) 


Bit 

B12 

a. 

b. 

c. 


Effect  of  closing  doors  with  only  auxiliary  power  units  operating  on  level  at  bottom  center 
of  back  of  draft  curtain.  (Units  at  40  ft,  maintenance  power  for  auxiliary  power  units) 

Change  in  level  for  operation  at  idle  (3215  rpm),  6820  rpm  and  8060  rpm  (sources  at  40  ft) 
At  5  ft  forward  of  back  wall  on  roof  centerline  (x,y,z  =  103.7,  5,  37.7  ft) 

At  cemer  of  back  wall  between  roof  ad  top  of  back  door  (x,y,z  =  103.7,  0,  32  ft) 

On  back  door  and  2  ft  below  height  of  sources  (x,y,z  =  68.7,2,11  ft). 


A  full  discussion  of  the  significance  of  these  tabulated  results  is  presented  in  Chapter  3  of  the  main  body 
of  this  report. 


Finally,  a  brief  investigation  was  made  to  ensure  that  the  predicted  sound  levels  would  not  be 
sensitive  to  changes  in  temperature,  humidity,  or  pressure  altitude.  For  changes  in  temperature  from  15°  F 
to  25°  F,  relative  humidity  from  20  to  70  percent,  and  pressure  altitude  from  sea  level  to  5000  ft,  the 
change  in  sound  level  was  negligible  (less  than  0.5  dB). 
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APPENDIX  C:  Near  Field  and  Approximate  Angle  of  Incidence  Effects  on  Acoustic  Loads  on 
Walls  and  Roof  of  AMD 


This  appendix  considers  additional  details  concerning  the  acoustic  loads  on  AMD  surfaces  from  the 
direct  sound  field.  It  is  shown  that  it  is  not  necessary  to  consider  near  field  effects  (i.e.,  curvature  of  the 
wave  front)  in  evaluating  panel  responses.  Furthermore,  it  is  shown  that  the  effective  sound  pressure  on 
the  panel  can  be  assumed  to  be  equal  to  twice  the  incident  pressure,  regardless  of  the  angle  of  incidence 
of  the  direct  field.  However,  angle  of  incidence  effects,  per  se,  require  the  more  sophisticated  analysis 
presented  in  Appendix  D. 

EFFECTIVE  DIRECT  SOUND  PRESSURES  IN  NEAR  FIELD 

For  a  plane  wave  of  sound  normally  incident  on  a  flexible  wall,  it  can  be  shown  that  the  rms 
vibration  velocity  Ut  of  the  panel  due  to  the  incident  sound  field  is  given  by: 


U.  =  _ ! _  [Eq  Cl  I 

Ut  Zw+2pc 


where:  P,  =  rms  sound  pressure  of  incident  sound  wave 

Zw  =  specific  transmission  impedance  of  wall 

pc  =  specific  acoustic  impedance  of  air  on  both  sides  of  wall  (product  of  density  p  and  speed 
of  sound  c) 

This  expression  makes  clear  one  basic  point  about  defining  the  acoustic  load  on  a  wall;  the  effective 
driving  pressure  is  2  P,,  which  is  the  "pressure  doubled"  value  that  would  be  measured  on  a  rigid  wall. 

If  the  source  of  the  incident  sound  field  is  at  a  distance  from  the  wall  and  is  considered,  for  a 
first  approximation,  to  be  a  point  source,  the  amplitudes  of  the  incident,  reflected,  and  transmitted  sound 
waves  can  be  defined  in  complex  form  as  follows,  where  k  =  2rcf/c,  the  wave  number,  f  =  frequency, 
c  =  speed  of  sound,  and  j  =  (-1)'^ 

Incident  wave 

pi  pc 

XT  — r  lEqC2i 

u>  l-± 

la- 
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Reflected  wave 


pr  _  -pc 


kr 


[Eq  C3] 


Transmitted  wave 


Pt 


pc 


[Eq  C4] 


The  first  two  expressions  define  the  relationships  between  incident  (direct  sound)  and  reflected 
(image  source)  spherical  waves  for  a  plane  reflector  while  the  last  expression  assumes  that  the  transmitted 
wave  radiated  by  the  flexible  reflecting  surface  (wall)  is  a  plane  wave  radiated  normally  to  wall. 

Including  the  boundary  conditions: 

•  Total  pressure  on  source  side  of  wall  =  P  =  P;+Pr 

•  Wall  velocity  Ut  =  Uj+Ur 
.  Zw  =  (P-Pt)/Ut 

and  solving  for  lit. 


U,  = 


P-P,  Pi+Pr+P, 


[Eq  C5] 


it  can  be  shown  that  the  absolute  value  of  Ut  is: 


U,  = 


2P : 


(Zw+2pc)2  +  (. 


Zw-PCi 

kr 


[Eq  C6] 


Comparing  this  to  Eq  Cl,  the  ratio  of  the  amplitudes  of  the  panel  velocity  in  the  near  field  (r-K))  of  a 
point  source  to  the  velocity  for  excitation  by  a  plane  wave  (r— >«)  with  the  same  incident  sound  pressure, 
Pj,  is: 

Ut(r->0)  Zw  +  2pc  , 

Ct(r-><») 


[Eq  C7[ 


(Zw+2pc)2  +  i^-)2 
kr 


1  «■  [ 


Zw+pc 


kr  (Zw+2pc) 
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The  maximum  panel  velocity  response  will  tend  to  occur  at  the  fundamental  resonance  frequency  (f0)  of 
the  panel.  At  this  frequency,  Zw  can  be  approximated  by  a  pure  resistance  equal  to: 


[Eq  C8J 


where  M  =  Generalized  mass  of  panel  (equal  to  1/4  panel  weight/g  for  simply  supported  edges) 
g  =  Acceleration  of  gravity 
A  =  Panel  area 

Q  =  Dynamic  magnification  factor  of  resonant  response  of  panel 

For  a  typical  wall  panel  for  the  Aircraft  Maintenance  Dock, 

Panel  Weight/Arca  =  2.5  Ib/ft2  (0.0174  psi) 

For  g  =  386  in/sec2,  and  assuming  that  f0  =  20  Hz  and  Q  =  10, 

Zw  =  0.000141  lb  sec/in3  at  resonance, 

pC  =  (ag^iijgog)  Ib  sec/in3 
(12)3(386) 

=  0.00153  ib  sec/in3  @  15°  C/ sea  level 
Zw«pc 


Therefore,  to  a  first  approximation,  from  Eq  C7,  the  relative  fundamental  mode  panel  vibration  response 
in  the  near  field  of  the  source  relative  to  its  response  in  the  far  field,  for  the  same  pressure,  is: 


Ut(r->0) 

Ut(r-*») 


|EqC91 


Thus,  provided  that  the  non-dimensional  parameter  kr  (=  2ttfr/c)  is  greater  than  about  1 .6.  the  change 
in  panel  response  due  to  curvature  of  the  sound  wave  front  in  the  near  field  will  be  less  than  5  percent. 
For  the  typical  panel  resonance  frequency  of  20  Hz  assumed  above,  this  criteria  (e.g.,  kr  >1.6)  reduces 
to  a  requirement  that  the  source-to-panel  distance  r  be  greater  than  14  ft.  In  all  cases,  the  distance 
between  any  position  of  the  primary  noise  sources  and  the  nearby  wall  or  roof  surfaces  is  greater  than  14 
ft,  so  that  near  field  effects  on  panel  acoustic  loading  can  be  ignored. 
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FIRST  APPROXIMATION  FOR  ANGLE  OF  INCIDENCE  EFFECTS 

Consider  the  effective  acoustic  loads  on  the  wall  and  roof  panels  due  to  a  non-normal  angle  of 
incidence  of  the  direct  field. 

Applying  the  first  two  boundary  conditions  used  earlier  for  Eq  C5: 

1.  Continuity  of  pressure  (a  scalar  quantity)  at  the  surface  of  a  panel,  and 

2.  Continuity  of  particle  velocity  (a  vector  quantity)  normal  to  this  surface. 


From  1 ,  P;  +  Pr  =  P,  the  total  sound  pressure  on  source-side  of  panel. 


From  2,  U,  cos  -0j  -  Ur  cos  0r  =  Ut  cos  0t 


But  for  each  wave,  the  particle  velocity  U  =  P/(Wave  Impedance) 
which  can  be  expressed  as: 


U, 


Pr 

pc 


[Eq  ClOa] 


and  for  the  panel  velocity,  U,  (equal  to  the  particle  velocity  of  the  transmitted  sound  wave),  two 
expressions  apply: 

(1)  the  panel  velocity  is  equal  to  the  net  pressure  differential  across  the  panel  divided  by  the  specific 
mechanical  impedance  Z w  of  the  panel,  and 


Ut  - 


P-P, 


[Eq  C10b[ 


(2)  the  panel  velocity,  Ut,  is  equal  to  the  particle  velocity  of  the  transmitted  wave  given  by: 


u, 


Pt 

pc 


[EqClOc] 


where  it  is  assumed,  for  simplicity,  that  the  transmitted  sound  wave  radiates  as  a  plane  wave  normal  to 
the  panel  (i.e.,  0t  =  0). 
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Combining  the  above  to  solve  for  the  panel  velocity  in  terms  of  the  incident  pressure  Pj  gives: 


II  P_UtPC  nr  IT  P 

Ut  =  -  or  U.  = _  = _ 

Zw  Zw+pc  Zw+pc 


or 


U,  = 


2P : 


Zw  +pc(l  +. 


COS0 


[Eq  Cl  1] 


Comparing  this  with  Eq  Cl,  the  effective  load  on  the  panel  for  other  than  normal  incidence  is  still  twice 
the  incident  pressure.  Based  on  this  conclusion,  the  effective  acoustic  loads  for  the  direct  Field  for  all 
locations,  regardless  of  the  incidence  angle  is  defmed  by  doubling  the  incident  sound  pressure  (i.e.,  adding 
6  dB  to  the  free  field  contours).  Although  this  simplified  model  also  indicates  that  the  panel  response 
reduces  to  zero  for  grazing  incidence,  this  is  not  true,  and  the  response  for  grazing  incidence  requires  the 
more  general  analysis  of  the  response  of  a  flexible  panel  to  an  incident  sound  field  that  is  carried  out  in 
Appendix  D. 
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APPENDIX  D:  Review  of  Structural  Response  for  Wide  Band  Random  Noise  Field 


GENERAL  RESPONSE  RELATIONSHIP 

For  a  single  mode  of  a  uniform  panel  with  a  generalized  mass  Mmn.  area  A,  length  a,  width  b  and 
thickness  t,  exposed  to  a  wide  band  noise  with  a  pressure  spectral  density  P^f).  the  acceleration  spectral 
dcasity  of  the  response,  Wa(f)  of  the  panel  in  its  mnlh  vibration  mode,  at  a  frequency  f  and  at  a  general 
panel  coordinate  Y  is  (Sutherland  1968): 


Wa(Y,f) 


P2<0A2jl<0<J-)J|Hmn<0l2  4„(Y) 
X  (0  mn 


Mig2 


|Eq  Dl] 


where 

Joint  acceptance  squared  for  m,nth  mode  at  frequency  f 
mnth  resonance  frequency 

Dynamic  response  function  for  mnth  resonance  frcquancy,  or 

<1-(_L)2)2  • 

%  mn 

<j>mn(0  =  Mode  shape  of  mnth  mode 

Mmn  =  Generalized  mass  in  mnth  mode 

g  =  Acceleration  of  gravity 

The  rms  acceleration  of  the  mnth  mode  is  obtained  by  integrating  Eq  Dl  over  frequency.  Within  a 
frequency  range  of  about  fmn/2  to  2  fmn,  for  a  nominally  constant  pressure  spectral  density  input,  this 
integration  gives  an  approximate  value  for  the  rms  response  equal  to: 


UQ 


mnx  mn 


J  mn<0  = 


Hmn<0  = 


amn(Y)-v/Wa(Y-fmn)Afe 


|Eq  D2| 
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where 


which  is  the  effective  bandwidth  for  response  of  the  SDOF  system  to  the  random  input 
Qmn  =  Dynamic  magnification  factor  (Q)  for  the  mnth  mode 

Wa(Y,fmn)  =  The  maximum  acceleration  spectral  density  of  the  response  which  occurs  at  the 

resonance  frequency  fmn  (i.e.,  f  =  fmn) 

For  f  =  fmn,  the  value  of  H^ff)  is  simply  Q,  so  that  from  Eqs  D1  and  D2  at  the  position  Y  on  the  plate, 
the  rms  acceleration  for  this  mnth  mode  is: 


2mn(Y)  =  [- 


P2(f, 


e2 


[Eq  D3] 


where  emn  equals  the  ratio  of  generalized  mass  Mmn  to  total  mass  W/g  where  W  is  the  panel  weight. 

Two  values  for  the  response  are  desired:  (a)  the  spatial  average  rms,  and  (b)  the  maximum  rms 
value.  Consider,  then,  the  specific  case  of  a  simply  supported  plate  for  which: 

emn  =0/4) 

jimY,  7mY2 

<t»mn(Y)  =  sin _ sin _ 

a  b 


where  Y ,  and  Y2  are  panel  coordinates  in  the  directions  along  sides  a  and  b  respectively. 

The  rms  spatial  average  response  will  be  found  by  obtaining  the  rms  average  of  the  mode  shape 
<tmn(Y)  or 


1  ^  , ttnYi  ,7tmY2 

<t»mn(Y)  =  ___/ / sin2 _ -sin2 _ ldY,dY2  l ^  04 1 

ab00  a  b 


1  .  a  _  sin(2Ttm) .  ,  b  _  sin(2itn) ,  _  1 

ab  2  4jun  2  4iin  4  I£q  D5] 

a  b 

since  the  sin(27tm)  terms  are  zero  for  all  integer  values  of  m. 
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Substituting  Eqs  D4  and  D5  into  D3,  the  rms  spatial  average  response  3Tnn  is 


2 


g's 


[Eq  D6] 


w 


where  w  =  W/A  =  the  surface  weight. 

The  maximum  response  will  occur  at  values  of  Yj,  Y2  for  which  the  mode  shape  <t>mn(Y)  =  1.  This 
will  be  at  the  center  of  the  plate  for  all  odd  modes  (i.e.,  mji  odd).  The  spatial  maximum  (temporally  rms) 
response  amn(max)  will  be,  for  a  simply  supported  plate,  equal  to  four  times  the  spatial  average  response, 
or 


amn(max) 


fEq  D7] 


Eqs  D6  and  D7  provide  the  general  forms  of  the  response  equations  of  concern.  Consider  now  the  special 
case  of  an  acoustic  plane  wave  field  normally  incident  on  a  simply  supported  panel  vibrating  in  its 
fundamental  (1,1)  mode.  In  this  case  (Sutherland  1968,  pp  8-21): 

J,2., -  <i)4 


Thus,  the  two  forms  of  the  response  for  this  case  are,  where  m,n  =  1: 
rms  spatial  average 


ai-i  _ 


(  2  )3  P^mnW, 


[Eq  D8] 


n 


w 


rms  maximum 


5,,, (max)  = 


,27,  r^mn>Qfmn 

K3  W2 


[Eq  D9] 


The  rms  spatial  average  response  is  used  to  estimate  dynamic  load  factors  on  structure  and  the  rms 
maximum  response  to  estimate  structural  stress  levels. 
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In  either  case,  one  more  modification  of  Eq  D6  is  desired  to  allow  use  of  mean  square  pressures  in 
a  one-third  octave  band,  centered  on  the  resonance  frequency,  fmn,  of  concern.  In  this  case. 


P2(f) 


Pb<0 

Afb 


[Eq  DIO] 


where  Afb  =  (21/6  -  21/6)f  =  0.2316f. 

Thus,  the  corresponding  expressions  from  Eqs.  (D6)  and  (D8)  for  the  rms  spatial  average  response 
arc: 


N 


Ph(f, 


)J2  (f 

mn;jmnv  mn- 


)Q 


(0.23 16)w' 


[Eq  Dll[ 


or,  for  m,n  =1,1 


a,,,  - 


ilf  P>V»W  -  ,.06 ML 

K  (0.2316)w2  w 


[Eq  D12] 


In  the  case  of  the  AMD,  acceleration  responses  were  computed  for  areas  near  the  back  wall  due  to 
exposure  from  both  a  reverberant  (diffuse)  and  a  direct  sound  field.  This  distinction  is  necessary  due  to 
the  differences  in  the  joint  acceptances  for  each  type  of  sound  field.  In  this  case,  the  overall  spatial 
average  rms  response  was  equal  to  the  square  root  of  the  sum  of  the  mean  square  responses  for  each 
component  of  the  sound  field.  That  is. 


Smn(total)  =  ^ a 2 n(di ffuse) +a 2 n(dircct)  [Eq  D13] 

where  (^(diffuse)  and  amn(direct)  differ  due  to  the  difference  in  the  joint  acceptances  for  each  type  of 
sound  field  and  due  to  their  different  sound  levels.  The  same  approach  was  used  to  define  the  maximum 
rms  respoase  icvels. 


JOINT  ACCEPTANCE  FOR  STRUCTURAL  RESPONSE  TO  WIDE  BAND  RANDOM  NOISE 

As  reviewed  in  detail  in  Sutherland  (1968),  the  joint  acceptance  J2mn(f)  for  response  of  a  panel 
vibrating  in  its  mnth  mode  to  acoustic  excitation  is  normally  specified  as  the  product  of  joint  acceptances 
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for  acoustic  loading  on  two  orthogonal  beams  corresponding  to  the  mth  and  nth  orthogonal  modes  of  the 
panel  respectively.  That  is,  as  illustrated  in  the  sketch: 


The  following  defines  the  applicable  expressions  utilized  for  this  report  to  define  joint  acceptances 
for  each  type  of  noise  field.  The  expressions  apply  only  to  the  case  of  simply  supported  beams  (and  hence 
simply  supported  plates). 

J2n(f)  for  Simply  Supported  Beams  in  a  Diffuse  Sound  Field 

For  a  diffuse  (or  reverberant)  sound  field,  J2n(f)  depends  only  on  one  non-dimensional  frequency 
parameter  x=fL/c  where  f=frequcncy,  L=lcngth  of  beam,  and  c=speed  of  sound.  The  expression  for  J2n(0 
for  a  simply  supported  beam  vibrating  in  its  nth  mode  under  excitation  by  a  diffuse  sound  field  is 
(Sutherland  1968;  White  1967): 

Jn2(0  -  l - L_]fcin[JKn+2X))-Cin[ii|n-2x|]} 

(27tm)2x 

+_1_{S:  (n+2x)  -S:  (rc(n-2x)]) 

47CX 

,  1  ,2  1 -cos(njc)cos(2Jtx) 

rm  - -  (£9  ^ 

n 

where 

C  (z)  =  f  1 2£2Hdt'the  cosine  integral 
o  1 

z  . 

S;(z)  =  f  <1,  the  sine  integral, 
o  t 

These  functions  were  computed  using  asymptotic  expressions  and  rational  fraction  numerical 
approximations  given  in  Abramovitz  (1964). 

J2n(f)  for  Simply  Supported  Beam  in  a  Direct  Sound  Field 

In  this  case,  J2n(f)  depends  on  two  parameters;  the  same  nondimcnsional  frequency  x  =  IL/c,  and 
the  angle  of  incidence  0  of  the  direct  sound  field.  However,  these  two  parameters  can  be  expressed  in 
terms  of  one  revised  non-dimensional  frequency,  x'  =  fL  sin  0/c  where  0  is  the  angle  between  the  incident 
sound  ray  and  a  normal  to  the  panel.  As  indicated  in  the  sketch,  this  quantity  is  actually  equal  to  the  ratio 
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LfkL  of  the  beam  length  L  to  the  trace  wavelength  X,  =  c/f  sin  0  of  the  incident  sound  field  whose 
wavelength  X  =  c/f.  For  this  case  (Sutherland  1968;  Powell  19:58,  Chapter  8), 


[Eq  D15] 


For  the  fundamental  mode  of  a  simply  supported  panel,  when  x  or  x'  <0.3,  the  two  values  of  J  n(f) 
have  the  same  maximum  value  equal  to: 


J,2(Diffuse)  =  J,2(Direct)  =  (l)2 

it 


|Eq  D16] 


In  the  case  of  J2,  (Direct),  x  <0.2  means  that  the  ratio  of  the  beam  length  to  trace  wavelength  is  less 
than  0.2.  This  includes  the  case  of  a  normally  incident  direct  sound  field  (which  is  of  primary  interest 
for  back  wall  panels).  In  this  case,  the  trace  wavelength,  At  =  A/sin  0  approaches  infinity  as  0  approaches 
zero. 


Figure  D1  shows  the  values  of  J2n(f)  for  a  reverberant  sound  field  for  the  first  ten  modes  of  a  simply 
supported  beam.  The  figure  represents  a  corrected  version  of  an  earlier  figure  presented  in  the  draft  report 
and  in  Sutherland  (1968).  This  earlier  version  was  in  error  for  mode  numbers  greater  than  one,  for  values 
of  the  abscissa  parameter  LA,  <  1 .  For  purposes  of  this  study,  only  the  joint  acceptance  fo:  a  diffuse  field, 
as  illustrated  in  Figure  Dl,  was  necessary  since  it  turned  out  that  the  acoustic  design  environment  could 
be  conservatively  defined  by  just  the  diffuse  sound  field. 


EQUIVALENT  STATIC  PRESSURE 

Now  use  the  preceding  analyses  to  estimate  an  equivalent  static  pressure  load  on  a  panel  which 
would  produce  the  same  effective  stress  (for  a  one  time  load)  as  provided  by  the  actual  repeated  random 
acoustic  loading.  First,  define  the  stress  due  to  acoustic  loading. 
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l(VU)j»Tl  •©‘1-01  t(9/~U);Ur  ]  6o*l-OI 


(a)  Odd  Modes 


Figure  Dl.  Comparison  of  joint  acceptance  for  the  first  ten  (a)  odd  and  (b)  even  modes  of 
a  simply  supported  beam  in  a  diffuse  sound  field. 
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Maximum  rms  Panel  Stress  Due  to  Acoustic  Loading 

Hunt  (1960)  has  shown  that  the  maximum  mis  stress  in  a  uniform  plate  vibrating  in  an  orthogonal 
mode  may  be  estimated  by: 


'max 


=  ks/Te  =  KsVTpCLX 


(Eq  D17] 


where 


K 


Shape  constant  depending  on  panel  edge  constraints  and  aspect  ratio. 
Modules  of  elasticity,  psi 

Maximum  rms  velocity  of  panel,  in/sec 
longitudinal  speed  of  sound  in  plate  material 


C,  = 


N  P 


,  in/sec 


p  =  Mass  dcasity  of  plate  material,  lb  sec2/in4 
For  a  simply  supported  panel,  the  constant  K  is  (Hunt  1960): 


Ks  =  (1-M  ) 


2\-l/2 


[i+nA2] 

b/n 

b/n 


[Eq  D18] 


where 

p  =  Poisson's  ratio  (0.3  for  metals) 

a.b  =  Panel  dimensions  where  a<b 

m,n  =  Mode  numbers  in  directions  of  a,  b  respectively. 


For  example,  for  one  section  of  a  wall  panel,  with  a,  b  =  30".  90”,  Ks  =  0.975. 


Thus,  since  the  maximum  rms  velocity  of  the  panel  is  given  by 


^  max  _  ^max  g  [Eq  D19] 

2nf  ~  2  Kf 


Eqs  D6,  D7,  D17,  and  D19  can  be  combined  to  estimate  the  maximum  rms  stress  in  a  panel  vibrating  in 
its  m,nth  mode.  The  resulting  expression,  for  the  case  of  the  first  mode  of  a  simply  supported  panel 
driven  by  a  normally  incident  sound  field  is: 


'Umax 


=  Ksfi  E  *  =  Ks/3  E5] 


lmax' 


27tfC, 


[Eq  D20a] 


or 


’Umax 


3ji 


\j  2(0.2316) 


7t3  fUCLw 


[Eq  D20b] 


where  Ks  =  Constant  given  by  Eq  D18 


Pb  =  Rms  pressure  in  one-third  octave  band  centered  at  fundamental  resonance  frequency, 
fj.).  PS' 

g  =  Acceleration  of  gravity,  386  in/sec2. 


The  other  parameters  are  specified  under  Eq  D17  and  the  term  in  brackets  is  equal  to  1.16. 

The  preceding  expressions  define  the  maximum  rms  stress  in  a  simply  supported  panel  vibrating  in 
its  fundamental  mode  under  the  type  of  acoustic  excitation  defined.  Stress  concentration  factors  arc  not 
considered,  since  it  is  assumed  that  they  would  apply  equally  to  dynamic  (i.c.,  acoustic)  or  static  loads. 
Also,  linearity  of  panel  response  is  assumed. 


Peak  Stress  Due  to  Random  Acoustic  Loads 

The  acoustic  excitation  is  random  gaussian  noise,  so  the  peak  stress  op  can  be  defined  statistically 
by  a  Rayleigh  Probability  Distribution  (Powell  1958,  Chapter  8): 

P(op> Y xO)  =  cm/2y2)  1E^  02,1 
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That  is,  the  probability  that  the  peak  stress,  cp,  will  exceed  Y  times  the  RMS  stress  a  is  given  by  the 
exponential  function  exp(-l/2  Y2). 

For  design  purposes,  a  probability  of  percent  exceedance  was  chosen  to  find  a  peak  dynamic  stress 
that  will  be  equated  to  a  static  stress  and  equivalent  static  pressure  load.  In  this  case,  if  P(op  Y  d)  =  0.1, 
then 

Y  =  2.146  =  2.15  [Eq  D22] 

or 


Op  =  2.15xS  for  10%  of  the  time 

This  peak  factor  will  be  identified  by  the  symbol  Fp.  Thus,  for  the  fundamental  mode  of  a  simply 
supported  plate  loaded  by  a  random  acoustic  noise,  the  peak  stress  op  will  be: 

°p  =  Fp*«l,lmax  [E(*  D23] 

where  the  maximum  rms  stress  Oj  lmax  is  given  by  Eq  D20a  or  D20b. 


Panel  Stress  Under  Static  Load 

Now,  to  find  an  equivalent  static  load,  the  maximum  stress  in  a  homogeneous  plate  under  uniform 
load  may  be  expressed  in  the  following  form  (Roark  1954): 


[Eq  D24J 


os  =  Maximum  principal  axis  fiber  stress,  Ib/in2 
Ps  =  Uniform  static  load,  lb/in2 
t  =  Actual  thickness  of  plate,  in 
a  =  Short  side  of  plate,  in 
b  =  Long  side  of  plate,  in 

K  =  Function  of  the  ratio  of  a/b  and  edge  constraints  on  the  panel  (Roark  1954) 
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To  equate  the  damage  of  a  random  dynamic  load  on  the  panel  to  an  equivalent  static  load,  let  the 
maximum  stress  of  the  static  load  crs  be  related  to  the  peak  dynamic  stress  ap  by  a  factor  Fj<1.  Thus, 

op  =  Ffxas  (Eq  025 1 

This  factor  is  used  to  account  approximately  for  the  greater  damage  due  to  fatigue  effects  of  the  dynamic 
load. 


Equivalent  Static  Pressure  for  Response  in  Fundamental  Mode 

Combining  Eqs  D20b,  D23,  and  D24  by  Eq  D25 

F  x©  =  Ffxo  (Eq  D26] 

1  p  *  umax  f  us  ^ 


or,  solving  for  the  equivalent  static  load. 


P 


s 


3tt 


sj  2(0.2316) 


KsFpEgPbv'Q"  ,t,2 
K  Ff  f]  ,  Cj  w  a 


[Eq  D27] 


A  simplification  of  this  result  is  possible  by  including  the  expression  for  the  fundamental  resonance 
frequency,  f,  (  for  a  simply  supported  plate. 


f  -  71 


_B_  |J_  ♦  _Li,hz 

P‘m  *2  b2 


[Eq  D28[ 


where 

D  =  Stiffness  for  a  uniform  plate,  or 

D  =  /hV ,  lb  in 
12 

ptm  =  Surface  mass  density  =  w/g,  lb  scc2/in3 
a,b  =  Plate  length  and  width,  in 
td  =  Dynamically-cquivalcnt  thickness  of  plate,  in 
tm  =  Mass-equivalent  thickness  of  plate,  in 
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Substituting  Eq  D28  into  D27,  the  equivalent  static  pressure  load  which  produces  the  same  effective  stress 
(allowing  for  fatigue)  as  the  actual  random  acoustic  load  is  given  by  (setting  w  =  p^g): 


Ps  = 


Jt(l-p) 


\|  2(0.2316)  k4  3/2  1/2 
ld  lm 


48  ,  t2  ?  Ks  Fp  Pb  \/q~  t  2 


K  Ff 


i  +d)2 


The  first  (numerical)  term  in  brackets,  for  p  =  0.3,  is  equal  to  1.224. 


(Eq  D29] 


Adapting,  for  design  purposes,  Fp  =  2.15  (10  percent  peak  exceedances)  and  Ff  =  0.75  for  the 
relative  material  strength  under  fatigue  loading  (over  2  x  106  cycles  of  stress  reversals  are  expected),  then 
the  equivalent  static  pressure  to  produce  the  same  effective  stress  as  that  experienced  by  the  panel 
vibrating  in  the  first  mode  is,  for  a  homogeneous  panel  (i.e.,  t  =  tm  =  td): 


3.51  Hi  Pb  yfQ~ [. 


1+d)2 

b 


[Eq  D30] 


The  "constants"  Ks  and  K  both  vary  with  the  aspect  ratio  a/b.  The  variation  of  K  with  a/b  is  given  by  the 
following  double  infinite  scries  (Sutherland  1968): 


mn  .  nrt 
oooo  sin  .  -  sin-— 

K  =  __  \JX\ _ - _ i 

.6 


n  mn  mn(m 2  +(Hi)2)2 
b 

Thus,  the  equivalent  static  pressure  can  be  expressed  as: 

ps  =  k'  Pb\fo~ 


-]],m.n  are  odd 


[Eq  D31 J 


lEq  D32] 


where 


,  Ks 

K'  =  3.51-1 


K  '<>2 
b 


However,  as  indicated  by  Table  Dl,  the  value  of  K\  computed  from  the  above  definition  of  K',  Eq  D31 
and  Eq  D18,  is  nearly  independent  of  the  panel  aspect  ratio  a/b  for  l<a/b<0.3  and  has  an  average  value 
of  about  8.3  over  this  range  of  a/b. 


Table  D1 


Variation  in  Constant  K'  in  Eq  D32  with  Panel  Aspect  Ratio  a/b 


a/b 

1.0 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

Ks 

0.6814 

0.7199 

0.7619 

0.8070 

0.8540 

0.9015 

0.9471 

0.9877 

1.020 

1.041 

K 

0.2873 

0.3378 

0.3966 

0.4633 

0.5359 

0.6101 

0.6776 

0.7267 

0.7478 

0.7502 

K' 

8.32 

8.26 

8.22 

8.20 

8.22 

8.30 

8.46 

8.75 

9.20 

9.64 

Thus  Eq  D32,  with  K’  approximately  equal  to  8.3,  provides  a  simple  expression  for  estimating  the 
equivalent  static  pressure  which  will  produce  the  same  effective  maximum  (bending)  stress  as  occurs  in 
a  simply  supported  panel  vibrating  at  its  fundamental  frequency  under  excitation  by  a  random  noise  with 
an  rms  pressure  Pb  in  the  third  octave  band  centered  at  this  frequency. 


Equivalent  Static  Pressure  for  Response  in  All  Modes 

A  more  general  expression  is  desirable  to  define  the  equivalent  static  pressure  which  would  produce 
the  same  effective  maximum  stress  a  panel  experiences  when  responding  in  all  of  its  resonant  modes  to 
a  broadband  acoustic  excitation. 

For  this  case,  ignoring  any  coupling  between  modes,  one  can  simply  use  Eqs  D17  through  D19  and 
D26  to  define  this  equivalent  static  pressure. 

First,  find  the  overall  rms  stress  in  the  panel  due  to  acoustic  loading  by  summing  over  all  the 
significant  modes. 


MN 

EE  o^n(max) 
M  m  n 


[Eq  D33] 


where  amn(rnax)  is  the  maximum  rms  stress  in  the  mnth  mode  found  using  Eqs  D17  through  D19  and  Eqs 
D1 1  and  D7.  The  "significant"  modes  will  normally  include  all  modes  up  to  about  20  to  40  times  the 
fundamental  mode.  At  higher  frequencies,  values  of  the  joint  acceptance  or  the  acoustic  pressures 
spectrum  decrease  significantly. 

Next,  use  Eq  D26  to  define  the  equivalent  stress  os  under  a  static  load  as  given  by: 

O,  =  Fn^  [Eq  D34] 

S  P  Ff 
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Finally,  use  Eq  D24  Co  define  the  static  load  which  will  produce  this  same  effective  stress,  or 


P.  = 


FfK 


p  (-b2 


[Eq  D35] 


where  dmax  is  the  overall  maximum  rms  stress  found  from  the  summation  in  Eq  D33.  This  is  the 
expression  which  was  used  to  estimate  effective  values  of  a  static  load,  for  design  purposes,  to  represent 
the  overall  acoustic  loads  on  the  AMD  roof  and  draft  curtain  panels,  and  for  equipment  enclosure  panels. 
For  the  AMD  insulated  wall  panels,  the  combined  analytical/experimental  approach  described  in  Chapter 
4  of  the  main  body  of  the  text  was  utilized  to  define  an  equivalent  static  pressure  for  design  purposes. 
This  approach  utilized  actual  measured  dynamic  response  data  on  a  representative  sample  of  such  a  wall 
panel  to  predict  panel  stiffness  for  comparison  with  manufacturers’  rated  static  pressure  (wind  load) 
tolerances. 
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APPENDIX  E:  Experimental  Measurement  and  Analysis  of  Typical  Pre-Insulated  Wall  Panel 
Structural  Characteristics 


EXPERIMENTAL  DATA 

A  test  was  performed  at  Wyle  Research  to  determine  the  response  characteristics  of  a  section  of  a 
preinsulated  wall  panel  typical  of  the  type  proposed  for  use  in  the  AMD.  The  lest  specimen  was 
approximately  66  in.  long  by  30  in.  wide  by  2  in.  thick,  composed  of  two  outer  26  gage  steel  panels  filled 
in  the  2  in.  space  with  polyurethane  foam.  (The  panels  for  the  AMD  are  expected  to  have  24  gage  skins.) 
The  surface  on  one  side  was  lightly  dimpled  and  the  other  side  was  corrugated.  The  panel  is  designed 
to  be  interleaved  with  adjacent  panel  sections  on  either  side  as  illustrated  in  Figure  4  in  Chapter  2  of  the 
main  body  of  this  report. 

Figures  El  (a)  and  El(b)  show  the  panel  mounted  on  a  large  table  of  an  electrodynamic  shaker  which 
was  used  to  vibrate  the  test  panel.  The  panel  ends  were  clamped  between  two  angle-iron  supports  as 
shown  in  Figure  El(b),  simulating  a  simple  support.  Three  accelerometers  were  mounted  on  the  upper 
panel  surface,  at  the  center  and  halfway  between  the  center  and  each  side  (i.c.,  quarter  span).  The 
photograph  in  Figure  El(a)  shows  the  accelerometers  on  the  panel. 

The  test  panel  was  vibrated  in  a  sine  sweep  test  in  a  direction  normal  to  the  panel  surface  over  the 
frequency  range  of  5  Hz  to  500  Hz.  An  accelerometer  mounted  on  the  shaker  head  was  utilized  to 
maintain  a  constant  input  acceleration  of  0.1  g  during  the  sine  sweep  tests.  Figure  E2  illustrates  the 
vibration  response  of  the  panel  measured  at  two  of  the  accelerometer  positions.  The  data  plotted  in  the 
figure  show  the  panel  response  relative  to  the  input  acceleration;  the  plots  clearly  show  the  fundamental 
frequency  at  31  Hz.  Other  modal  frequencies  are  also  observable  in  this  figure. 

The  estimated  and  experimentally  observed  modes  shapes  of  the  panel  are  illustrated  in  Figure  E3 
for  several  panel  modes.  Shown  with  the  measured  data  are  the  measurement  locations  on  the  panel. 

As  discussed  in  the  next  section  of  this  appendix,  the  measured  fundamental  frequency  made  it 
possible  to  establish  an  effective  stiffness  for  this  composite  panel. 

Some,  but  not  all,  of  the  first  few  higher  modal  frequencies  agreed  closely  with  expected  values 
based  on  a  plate  with  simple  supports  along  the  short  edges  and  free  along  the  long  edges.  This 
corresponded  to  the  test  configurations.  Table  El  shows  the  observed  and  predicted  values. 

In  the  subsequent  vibration  design  analysis,  developed  in  detail  in  Appendix  H,  a  value  of  Q  =  25 
was  used  for  the  first  (1,0)  mode  of  wall  panels,  and  a  root  mean  square  average  value  over  all  the 
observed  modes  of  14.7  rounded  to  15  was  used  for  all  other  modes. 


ANALYSIS  OF  WALL  PANEL  CHARACTERISTICS 

On  the  basis  of  the  above  data,  the  following  analysis  was  made  of  the  basic  static  and  dynamic 
characteristics  of  the  test  wall  panel  and  of  the  anticipated  7.5  ft  panel  design  for  the  AMD. 


170 


Figure  El.  Photographs  of  vibration  test  setup  on  representative  2  in.  wall  panel. 


uotje-iapoDV  induj  say  asuodsay  pusy 
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AMPLITUDE,  ARBITRARY  SCALE 


30 


Along  X  (Long)  Direction 


Along  X  (Long)  Direction 


Figure  E3.  Vibration  mode  shapes  of  test  panel. 
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Table  El 


Observed  and  Predicted  Modal  Frequencies 


Mode  No. 

*  * 

p  q 

Measured 

Frequency,  Hz 

Predicted 

Q 

0  2 

31 

29.8 

25 

74 

4.5 

1  2 

91 

89.4 

2 

112 

8.5 

0  3 

120 

119.2 

18 

168 

12 

191 

11 

1  3 

205 

203.8 

18 

282 

14 

291 

18 

Number  of  mode  lines  perpendicular  to  sides  a  and  b  respectively  where  side  a  is  the  short,  simply  supported  side 
and  b  is  the  long  free  side.  The  p,  q  =  0,2  and  0,3  modes  correspond  to  the  first  and  second  beam  modes  of  the  plate. 
Predicted  resonant  frequencies  according  to  the  analysis  at  the  end  of  this  Appendix. 


Surface  Density 

Test  Panel 

AMD  Panel 

Panel  Only,  psi 

0.0193 

+Girts  (W8xl8) 

18/(7.5  x  144) 

0.0167 

+Columns  (W  12x31) 

31/(25  x  144) 

0.0086 

Total  Panel  +  Girts,  psi 

0.0360 

A  Columns,  psi 

0.0446 

Allowable  Deflection,  in. 

Ym»  =  Span/180 

0.40 

0.50 

Deflection  Under  Uniform  Load 


Yma*  =  [5L4a/(384EI)  +  L2/(8dGc)]  x  P* 


where 


L  =  Span,  in. 

a  =  Panel  width,  in. 

d  =  Panel  thickness,  in. 

El  =  Stiffness  of  skin,  lb  sq  in 

Gc  =  Shear  Modules  of  core,  psi 
P*  =  Static  pressure  Load,  psi 
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Allowable  Pressure  Load  (Single  Span) 
Ps  =  (L/180)/|5L4a/(384EI)  +  L2/(8dGc)] 


Units 

Test  Panel 

AMD  Panel 

for  L  in. 

a  in. 

d  in. 

t  in. 

E  psi 

1  =  ad2t/2  in4 

Gc  psi  ** 

Ps  psi 

66* 

30 

2 

0.0179 

30  x  106 

1.074 

400 

0.403 

90 

30 

2 

0.0239 

30  x  106 
1.434 

400 

0.269 

• 

Effective  length  for  vibration  test 
**  Gc  per  H.H.  Robertson  Co. 

Allowable  Pressure  Load  (Triple  Span) 

AMD  Panel 

Based  on  manufacturer’s  Specification  data  for  530-20  24/24  Panel 
Empirical  fit  to  Span  vs  Wind  Load  (Sec  Figure  E4)  gives: 

Ps(psf)  =  16,056/L1  317  (in) 

or  P»  (psi)  =  111.5/L1  317  (in) 

therefore,  Ps  =  1 1 1. 5/(90)'  317  = 

0.298  psi 

Effective  Stiffness  of  Equivalent  Homogeneous  Plate 


For  such  a  plate,  Ym«  =  (5L4a/(384  x  (EI)eff)j  x 

Ps  =  L/180 

Units  Test  Panel 

AMD  Panel 

Ps  psi 

0.403 

0.298  (3  Span) 

L  in. 

66 

90 

a  in. 

30 

30 

Y max  in.  (L/180) 

0.367 

0.50 

ELrr  lb  sq  in. 

8.15  x  106 

15.3  x  106 

Resonance  Frequency  of  Equivalent  Homogeneous  Plate 


For  a  beam. 

f, 

n 

(El)cff  x  Lg 

2L2N 

W 

L 

in 

66 

90 

W/Lg 

lb  x  (scc/in)2 

i).(X)l  19 

0.001  SO 

fi 

H/  (Predicted) 

29.8 

19.6 

f1. 

H/  (Measured) 

31 
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Ps,  Allowable  Wind  Lead,  psf 


Spec  Data  -  3  Span,  S30-2.00  24/24 
-  Empirical  fit,  Ps  =  1 6.056L'1 3,7,psf 


L.  SPAN  in. 


(I)aia  from  II. II.  Robertson,  Inc.,  for  Type  530-2.00  24/24  panel  ! 


Figure  K4.  Allowable  wind  load  for  typical  preinsulated  panel  versus  span  based  on  maximum 
deflection  =  span/1 80. 


APPENDIX  F:  Extract  From  AISC  Code  for  Steel  Building  Construction  Fatigue 


SECTION  1.7  MEMBERS  AND  CONNECTIONS  SUBJECT  TO 
REPEATED  VARIATION  OF  STRESS  (FATIGUE) 


1.7.1  General 

Fatigue,  as  used  in  this  Specification,  is  defined  as  the  damage  that  may  result 
in  fracture  after  a  sufficient  number  of  fluctuations  of  stress.  Stress  range  is 
defined  as  the  magnitude  of  these  fluctuations.  In  the  case  of  a  stress  reversal, 
stress  range  shall  be  computed  as  the  numerical  sum  of  maximum  repeated  tensile 
and  compressive  stresses  or  the  sum  of  maximum  shearing  stresses  of  opposite 
direction  at  a  given  point,  resulting  from  differing  arrangements  of  live  load. 

Few  members  or  connections  in  conventional  buildings  need  to  be  designed 
for  fatigue,  since  most  load  changes  in  such  structures  occur  only  a  small  number 
of  times  or  produce  only  minor  stress  fluctuations.  The  occurrence  of  full  design 
wind  or  earthquake  loads  is  too  infrequent  to  warrant  consideration  in  fatigue 
design.  However,  crane  runways  and  supporting  structures  for  machinery  and 
equipment  are  often  subject  to  fatigue  loading  conditions. 

1.7.2  Design  for  Fatigue 

Members  and  their  connections  subject  to  fatigue  loading  shall  be  propor¬ 
tioned  in  accordance  with  the  provisions  of  Appendix  B. 


*Reprinled  with  permission  from  Manual  of  Steel  Construction,  8th  ed  (American  Institute  of  Steel  Construction  |  AISC).  1980). 
pp  5  28.  5  29.  and  5-86  to  5-91 
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SECTION  B1  LOADING  CONDITIONS; 
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TABLE  B2  (continued)  TABLE  B2  (continued) 
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APPENDIX  G: 


Reaction  Loads  on  Supporting  Structures  for  Beams  and  Plates  Subject  to 
Vibration* 


3. 3. 6. 5  Reaction  Forces  at  Boundaries  of  Beams  ond 
Plates 

For  the  analysis  ofvibration  transmission  through  structures, 
it  is  desirable  to  define  the  forces  developed  at  support 
points  of  vibrating  beams  and  plates  due  to  external  loads 
or  local  vibratory  forces  located  on  the  member. 


FIGURE  3.107  Reaction  Forces  Developed  at  Support 
Points  of  Vibrating  8eam 


The  basic  method  for  defining  the  reaction  forces  at  support 
points  may  be  demonstrated  by  considering  the  case  illus¬ 
trated  in  Figure  3.107.  As  shown  in  Table  3.5,  the  verti¬ 
cal  shear  V(y,t)  at  any  section  of  the  beam  of  stiffness  El 
and  deflection  x(y,t)  is 

V(y,f)=-  E  I  x"(y,t) 

This  is  the  shear  force  as  viewed,  for  example,  from  the 
left  end  of  the  beam  so  that  the  reaction  forces  which 
oppose  this  shear  at  each  end  are 

Left  Reaction  Force  RQ(t)  =  +  EI  x"'(0,  t) 

Right  Reaction  Force  R^(f)  =  -  E  I  x"'(L,  t) 

Using  a  normal  mode  expansion  for  the  deflection,  the 
reaction  force  at  the  left  end  can  be  given  by 

ao 

Ro(0  <(°)  (3.389) 

n 

where  <pM,(0)  is  the  third  derivative  of  the  mode  shape  with 
n 

respect  to  y  at  y  =  0.  This  general  form  for  the  reaction 
force  at  y  =  0  can  be  applied  to  any  beam  whose  motion  is 
described  in  terms  of  normal  modes.  Based  on  the  expres¬ 
sions  developed  in  Section  3. 3. 6. 2  for  the  forced  response 
of  simply-supported  beams,  the  fol’owing  expressions  for 
the  reaction  load  at  the  ends  of  a  simply-supported  beam 
can  be  derived.  In  all  ccses,  the  mode  shape  ^(y)  is  as¬ 
sumed  to  be  sin  (mr  y/L).  Sinusoidal  loads  or  motions  are 
specified  in  a  general  form  i  .e  .,  P(t)  ,  omitting  the  usual 
cos  (2it  f  t)  term.  The  resulting  expressions  relate  the 
reaction  loads  to  the  excitation  force  or  an  equivalent 
inertial  force  . 


•  General  Vibratory  Motion  of  Beam 

q„(0 

1  1 

Ro  RL 

Ro(0  =  -Wbf(^)lqn(t) 

°  (3 .390a) 

RL(t)  =  R0(t)  [-  (-l)n],n  =  1,2,3,  etc. 

where  Wb  =  weight  of  beam 

q  ft)  =  modal  acceleration  in  nth  mode 
g  =  acceleration  of  gravity 


•  Point  Sinusoidal  Force  at  y^ 


P(») 


=  +  W  t  &  »i"(n*y?A)jHn(f)| 

n  (3 .390b) 

\(t)  =  Ro(0  [-  H)n],  n  =  1,2,3,  (y,  ^  L/2) 


*Repnnted  with  permission  from  L.C.  Sutherland,  ed,  Some  and  Vibration  Environment  for  Ground  Facilities  A  Design 
Manual,  Report  WR  68-2  (Wyle  Laboratories.  1968).  pp  3-155  to  3-156. 
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Uniform  Sinusoidol  Force  per  Unit  Length 
P(Y/f) 

LLLLlIili 


f 


*o  \ 


M'>  P(y'0  L  £  (— )  |Hn^|n=odd  (3.390c) 

n 


Rl(0  =  R0(t) 


rhere 


1/2 


|Hn(f)|  =  1  / [0  -  (f/g2)2  +  (2  &n  f/fn)2] 

•  Uniform  Vertical  Acceleration  of  Pinned-Supports 

1. 


*o«  =  Wb 


=  R0W 


Ro  \ 

Too  ,  „  v2 


E&)  M- 

.  n 


n  =  odd 
(3  -390d) 


For  the  first  two  coses  it  lustrated  above,  both  odd  and  even 
modes  are  possible.  For  even  modes,  the  two  reaction 
forcesare  180  degrees  out  of  phase.  For  the  last  twocases, 
the  assumed  symmetrical  loadingsuppresses  any  even  modes. 

Reaction  Forces  at  the  Boundaries  of  Vibrating  Plates 

A  similar  concept  can  be  used  to  determine  reaction  forces 
at  the  boundaries  of  plates.  The  total  reaction  forces  are 
defined  by  more  complex  expressions  which  account  for  the 
vertical  forces  due  to  vertical  shear  and  twisting  moments 
along  the  edges  of  the  plate  (Reference  3  .66) . 


z 


where  D,  v  =  plate  stiffness  and  Poisson's  ratio, 
respectively . 

Along  side  (b),  the  reaction  force  R(0,z)  is 


R(0,z)  =  +  D 


(l 

W  8z2/ 


3y  v 


a2xU(l-v)  a3* 


3y3z2J 


(3.391b) 


(Note  that  the  internal  force  acting  on  the  edge  of  the 
plate  has  the  opposite  sign.) 


A  general  evaluation  of  reaction  loads  for  plates  is  not 
practical  here.  For  example,  the  reaction  forces  at  the 
corners  of  a  rectangular  plate  are  not  considered  (Refer¬ 
ence  3.66).  It  is  sufficient  to  illustrate  the  general  trend 
by  considering  the  reaction  forces  at  the  edge  of  a  simply- 
supported  plate  with  a  stiffness  D,  thickness  L,  moss  density 
p,  which  is  vibrating  in  the  mnth  normal  mode  with  a  de¬ 
flection  given  by 


xmn<y'z'f)  =  ImnW  [sin(m  ^Hn  If)] 

The  frequency  for  this  mode  is  given  by 


Using  these  expressions  in  Equation  3.391a,  it  con  be 
shown  that  the  amplitude  of  the  reaction  force  per  unit 
length  along  side  (a)  is 


VV  ao  CD 

Prri 


*  r,+(2-v)(=£)2' 

mn  *  n/V 


a  irn  g 

m  n 


sinfmt,/-) 


where 


(3 .392) 


Wp/a  =  weight  of  plate  per  length  of  side  (a) 

q  =  peak  amplitude  of  mnth  mode  at  center  of 
mn  r. 

plate. 


The  similarity  isclear  when  this  equation  is  compared  with 
Equation  3.390a  for  the  beam.  For  example,  for  a  square 
plate  vibrating  in  its  1,1  mode,  setting  v  =0.3,  the  re¬ 
action  force  along  side  (a)  per  unit  length  would  be 


FIGURE  3.108  Vertical  Reaction  Forces  (per  Unit  Length) 
Along  Edges  of  Vibrating  Plates 


Based  on  the  coordinatesystem  illustrated  in  Figure  3.108, 
the  vertical  reaction  force  per  unit  length  R(y,0)  along 
side  (a),  for  a  lateral  deflection  x  =  x(y,z),  can  be  ex¬ 
pressed  as 

*(>"0,"0[^(i7*&)MI-v)sT^] (3  WM 


R(y,0)  =  - 


WP  ,  %  t2-7) 

a  tr  g  [43 


Replacing  sin  tr y/a  by  2/*,  the  average  reaction  force  per 
unit  length  will  be  (2.7)  (*/2)/4.  This  is  0 .43  times  as 
great  os  an  equivalent  beam  with  the  same  weight  per  unit 
width  W  /a  and  the  same  peak  acceleration  in  g’s  at  the 
center . 
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APPENDIX  H:  Detailed  Data  on  Vibro-Acoustic  Loads  on  Specific  AMD  Elements 


Detailed  data  are  provided  in  this  Appendix  on  vibro-acoustic  loads  on  the  major  secondary 
structural  elements  and  critical  equipment  inside  the  AMD.  These  data  have  already  been  summarized 
in  Chapter  4  of  the  main  body  of  this  report.  The  data  illustrate  most  of  the  range  of  sensitivity  and 
parameter  studies  carried  out  or  provide  more  detailed  information  on  the  vibratory  loads. 


DETAILED  VIBRO-ACOUSTIC  LOADS  FOR  AMD  STRUCTURAL  SYSTEMS 

The  analyses  carried  out  in  this  appendix  are  based,  to  a  large  extent,  on  the  detailed  theory  in 
Appendix  D  on  response  of  structure  to  acoustic  excitation.  In  all  cases,  the  analysis  of  panel  responses 
is  carried  out  over  a  frequency  range  extending  from  the  panel  fundamental  frequency  up  to  1000  Hz,  and 
assumes  simply  supported  edges. 


Wall  System  Vibration  Loads 

Details  of  typical  panel  dimensions  and  measured  and  computed  dynamic  properties  of  the  wall 
panels  are  given  in  Appendix  F.  Based  on  the  measured  data  for  a  prototype  wall  panel,  the  dynamic 
magnification  factor,  Q,  for  the  wall  panel  fundamental  mode  was  assumed  to  be  25,  and  15  for  all  other 
modes. 

The  upper  part  of  Table  HI  summarizes  the  wall  panel  response  parameters,  including  all  modes 
up  to  1000  Hz.  The  left  side  lists  the  space  average  rms  acceleration  and  spatial  maximum  rms  velocity, 
stress  (from  Eq  D17  and  displacement  along  with  static  properties  of  the  panel.  The  right  side  of  the 
upper  part  of  Table  HI  summarizes  the  equivalent  static  pressure.  Load  Factor  and  reaction  loads. 

The  lower  part  of  Table  HI  lists  the  computed  response  at  each  modal  response  frequency  from  the 
fundamental  frequency  (19.6  Hz)  to  an  arbitrary  cutoff  point,  for  the  sake  of  brevity,  of  250  Hz.  Starting 
from  the  left,  the  table  lists  mode  numbers,  frequency,  the  spatial  average  mean  square  acceleration  in 
gravities  and  in  decibels  re:  lg,  the  spatial  maximum  mean  square  velocity,  stress,  and  displacement,  the 
peak  acceleration  in  gravities,  the  joint  acceptances  in  decibels  for  each  mode,  the  maximum  and  average 
reaction  load  per  foot  (see  Appendix  G)  for  the  short  and  long  sides  of  the  panel,  and  the  estimated  total 
reaction  load  at  each  panel/girt  joint  (see  Figure  4,  page  19,  for  illustration  of  a  typical  panel/girt  fastener 
detail  at  such  a  joint). 

Reaction  Loads  -  Wall  Panel/Girt  Connections 

The  reaction  loads  at  panel/girt  joints  were  estimated  by  two  different  methods.  The  first,  based  on 
the  theory  presented  in  Appendix  G,  is  summarized  as  follows.  Referring  to  the  sketch  below,  reaction 
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Table  HI 


Summary  of  Calculation  of  V  ibro- Acoustic  Response  of  Wall  Panels 


A)  SUMMARY  OF  HALL  PANEL  RESPONSE  NODES,  (104  Modes  fro*  20  to  996  Hr). 


SUMMARY  OF  RESPONSE  PARAMETERS 

Ps H  0.596  *  Static  Pressure/Deflection,  psi/in 

Space  Avg  r*s  Accel.  =  7.89  gs 

X  0.7114  -  Static  Stress/[Ps(a/hl?J,  Polynotial  Approx. 

Maxiau*  r*s  Velocity  *  19.27  in/sec. 

Fp  2.15  =  Peak/r»s  factor  for  rando*  noise  (101  excedance)  1 

Maxim*  rts  Stress  -  5,114  psi 
Maxim*  rts  Displ.  *  0.132  in. 

Ff  0.75  =  Reduced  strength  due  to  fatigue  ! 

Surface  Density  =  0.0193  psi 

a/b  *  0.3333 

h  =  0.1946  in. 

Fundaeental  Freq.  =  19.6  H2 

0  for  1,0  *ode  =  25 

For  *>0,  0*n  -  15 

E9U1V. STATIC  PRESSURE 

32  psf 

LOAD  FACTOR 

17  g  s 

.  REACTION  LOADS  .  lb. /ft.  .  I 

Along  30'  side  !  Along  90*  Side 

Max.  Avg.  !  Max.  Avg. 

19.1  14.1  I  32.8  14.2 

Load  per  Panel /Girt  Joint  =  172  lb. 

B)  FREOEUNCY  SPECTRUM  OF  PANEL  RESPONSE  CHARACTERISTICS  (  First  25  »odes  fro*  IP. 6  H;  to  242  Hr] 


NODAL  PARAMETERS  AVB.M.S.  ACCEL. 
—  Mode  No  —  Value  La 
Length  Nidth  Freq(*n) 


• 

n 

Hi. 

9*? 

dB  re: lg 

1 

0 

19.6 

1.39 

1.45 

1 

1 

22.8 

0.47 

-3.25 

1 

2 

29.7 

0.00 

-26.48 

1 

3 

41.1 

0.12 

-9.11 

U 

4 

57.1 

0.01 

-21.68 

1 

5 

77.6 

0.14 

-8.66 

2 

0 

78.4 

2.86 

4.56 

2 

1 

84.5 

1.40 

1.46 

2 

2 

91.3 

0.05 

-13.21 

1 

6 

102.8 

0.03 

-15.86 

2 

3 

102.8 

0.19 

-7.27 

2 

4 

118.7 

0.04 

-14.37 

1 

7 

132.4 

0.12 

-9.17 

2 

5 

139.3 

0.13 

-8.90 

2 

6 

164.4 

0.06 

-12.19 

1 

8 

166.7 

0.05 

-12.93 

3 

0 

176.4 

11.43 

10.58 

3 

1 

187.2 

5.10 

7.07 

■) 

4- 

7 

194.1 

0.10 

-9.88 

3 

2 

194.1 

0.72 

-1.45 

1 

9 

205.5 

0.07 

-11.64 

3 

3 

205.5 

0.36 

-4.49 

3 

4 

221.5 

0.18 

-7.54 

2 

8 

228.3 

0.06 

-12.14 

3 

5 

242.0 

0.10 

-9.95 

I—  MAIlf 

(UN  M.S.  VALUE . ! 

iVelocit  Strs/Ve  Stress  Displ.! 

Peak 

» 

psi  / 

Accel. 

(in/s)’ 

(m/sec  (psi)’  (in)’ 

9  * 

219.1 

272  1.6E»07  1. IE-02 

2.54 

54.8 

245  3.3E*06  2.7E-03 

1.48 

0.2 

189  5.5E»03  4.4E-06 

0.10 

4.4 

136  8.1E*04  6.6E-05 

0.75 

0.1 

98  1.2E+03  9.BE-07 

0.18 

1.4 

72  7.1E*03  5.7E-06 

0.79 

28.1 

272  2.1E*06  1.2E-04 

3.64 

11.8 

265  B.3E*05  4.2E-05 

2.54 

0.3 

245  2 . 1E*04  1.0E-06 

0.47 

0.1 

54  4.4E»02  3.6E-07 

0.35 

1.1 

218  5. 1E+04  2.6E-06 

0.93 

0.2 

189  5.6E*03  2.BE-07 

0.41 

0.4 

42  7.4E»02  6.0E-07 

0.75 

0.4 

161  1.0E*04  5.2E-07 

0.77 

0.1 

136  2.5E+03  1.3E-07 

0.53 

0.1 

34  1.2E»02  1.0E-07 

0.49 

22.2 

272  1 .6E*06  1.8E-05 

7.27 

8.8 

269  6.4E*05  6.3E-06 

4.85 

0.2 

115  2.2E+03  1.1E-07 

0.65 

1.1 

260  7.7E+04  7.7E-07 

1.82 

0.1 

27  7.3E*01  5.9E-08 

0.56 

0.5 

245  3,1E*04  3.0E-07 

1.28 

0.2 

227  1.1E*04  1.1E-07 

0.90 

0.1 

98  6.8E*02  3.4E-08 

0.53 

0.1 

208  4.5E»03  4.5E-08 

0.68 

lOLog(J’)  -  REACTION  LOADS  ,  lb. /ft.  - 


J»’ 

Jn’ 

Short  side  a  ! 

!  Long  Side  b 

Max. 

Avg. 

Max. 

Avg. 

-3.97 

0.00 

2.80 

2.80 

1.87 

1.87 

-3.9B 

-3.93 

0.61 

0.39 

2.42 

1.54 

-4.03 

-29.65 

0.06 

0.04 

0.19 

0.00 

-4.12 

-15.33 

0.41 

0.26 

1.22 

0.26 

-4.30 

-30.89 

0.08 

0.05 

0.22 

0.00 

-4.61 

-20.52 

0.32 

0.21 

0.75 

0.10 

-12.01 

0.00 

2.01 

2.01 

1.34 

1.34 

-11.81 

-4.02 

0.30 

0.00 

1.56 

1.00 

-11.27 

-19.98 

0.10 

0.00 

0.38 

0.00 

-5.08 

-29.90 

0.12 

0.08 

0.25 

0.00 

-10.50 

-15.88 

0.24 

0.00 

0.86 

0.18 

-9.65 

-24.90 

0.12 

0.00 

0.39 

0.00 

-5.74 

-24.42 

0.23 

0.15 

0.42 

0.04 

-8.88 

-21.39 

0.22 

0.00 

0.69 

0.09 

-8.31 

-26.46 

0.14 

0.00 

0.43 

0.00 

-6.54 

-29.07 

0.13 

0.08 

0.21 

0.00 

-12.52 

0.00 

2.68 

2.68 

1.78 

1.78 

-12.09 

-4.38 

0.26 

0.05 

1.73 

1.10 

-8.08 

-25.61 

0.18 

0.00 

0.50 

0.05 

-11.45 

-13.80 

0.18 

0.04 

0.84 

0.00 

-7.41 

-28.16 

0.14 

0.09 

0.20 

0.01 

-10.74 

-17.68 

0.18 

0.04 

0.70 

0.15 

-10.49 

-20.71 

0.15 

0.03 

0.54 

0.00 

-8.37 

-27.33 

0.13 

0.00 

0.33 

0.00 

-9.93 

-23.38 

0.12 

0.03 

0.43 

0.05 
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loads  alongside  a  simply  supported  plate  can  be  defined  as  follows.  For  any  position  y  along  side  a,  the 
reaction  load,  R(y,0)  is: 


R(y.O) 


Wp  EE 

a  mn 


J_  a^F  (m,n,a,b)  sin 
ten 


m7ty  lb 
a  ’  ft 


1  Eq  HI) 


where  Wp 

a,b 
m,n 


^mn 

F(m,n,a,b) 


weight  of  plate,  lbs 
length  of  sides  of  plate,  ft 

m,nth  mode  number  along  sides  a  and  b  respectively 

maximum  amplitude  of  panel  acceleration  in  m.nth  mode,  gravities 

the  function  of  mode  numbers  m,n  and  lengths  a  and  b  given  by  the  terms  in 
brackets  in  Eq  (3.392)  in  Appendix  G. 


a 


The  maximum  value  of  this  reaction  lead  along  side  a. 
R(y,0)max  ‘s  given  by  Eq  H 1  for  any  value  of  y  for  which  the 
sine  hinction  is  1.  The  first  position  (i.c.,  smallest  value  of  y) 
for  this  maximum  will  occur  at  y  =  a/2m  (e.g.,  at  midspan  for 
the  first  mode  where  m  =  1 ). 


The  average  reaction  load  R  along  side  a  is  obtained  by  integrating  Eq  H 1  over  the  length  of  side  a.  The 
result  is: 


R  (a/2,0)  =  _L  R(y,0)max,  m  =  odd  lEq  H2] 

rem 

=0  ,  m  =  even 


Applying  this  first  method,  it  is  assumed  that  the  average  vibration  reaction  load  per  unit  length  along  the 
long  7.5  ft  section  of  the  panel  (14.2  lb/ft)  multiplied  by  7.5  ft  and  by  2  for  the  two  7.5  ft  sides  of  the 
panel  gives  the  total  reaction  load  per  2.5  ft  x  7.5  ft  panel  section.  This  load  must  be  carried  by  the 
panel/girt  fasteners.  However,  for  an  average  full  floor  to  ceiling  height  of  about  45  ft  for  these  panels, 
over  a  25  ft  wide  bay  between  columns,  there  will  b^  (45/7.5  x  (25/2.5)  or  6  x  10  =  60  panel  sections  per 
bay  and  (6+1)  x  (10+1)  =  77  panel/girt  joints  (i.e.,  one  joint  at  each  comer  of  each  panel  which  carries 
the  load  for  four  pancl/girt  comers).  On  this  basis,  the  total  vibration  reaction  load  R[>G  at  each  panel/girt 
joint,  would  be: 


Rpr  =  14.2x7.5x2x^l  =  166  lb 
PG  77 


The  second  method  simply  assumes  that  the  total  reaction  load  per  panel  section  is  equal  to  the  spatial 
average  vibration  load  factor,  17  g  times  the  generalized  weight  of  each  panel  section,  1/4  (2.78)(7.5)(2.5). 


Applying  the  same  correction  of  60  panel  sections  for  77  joints,  the  estimated  total  reaction  load  at  each 
panel/girt  joint,  R^,  would  be 


Rpc  =  17x.Lx2.78x7.5x2.5x.22.  =  173  lb 
4  77 


These  two  different  estimates  are  in  very  close  agreement  and  the  higher  value  (173  lb)  is  adopted  for 
design  purposes  for  the  panel/girt  fasteners.  Note  that  this  is  actually  the  alternating  (±)  peak 
tension/compression  load  which  includes  the  correction  factors  for  random  peak/nns  (2.15)  amplitude  and 
fatigue  effects  (1/.75)  but  does  not  include  any  correction  for  stress  concentration.  However,  prudent 
design  for  the  panel/girt  fasteners  would  dictate  that  an  additional  multiplier  of  this  basic  design  load  of 
173  lb  be  included  to  allow  for  this.  Assuming  a  value  of  3.5  for  such  a  multiplier,  the  final 
recommended  design  tension/compression  load  for  each  panel/girt  joint  is  610  lb  (rounded  to  2  significant 
figures) 

Assuming  the  vibratory  in-plane  load  is  one-half  of  the  above  value,  allowing  for  the  dead  weight 
load  (52  lb)  of  the  panels,  the  estimated  peak  shear  load  VPG  downward  on  each  panel/girt  joint  would 
be  (including  a  multiplier  of  3.5  for  stress  concentration): 


VPG  =  -(1x173+52x^2)  (3.5)  -  -440  lb 
^  2  77 


Reaction  Loads  -  Girt/Column  Connections 

The  girt/column  reaction  loads  due  to  vibration  were  also  computed  by  two  methods. 

(1)  For  the  first  method,  according  to  Table  HI,  the  average  reaction  load  along  the  30  in.  span  of 
each  panel  is  14.1  lb/ft.  Thus,  over  a  25  ft  girt  span,  allowing  for  two  panel  sections  per  girt 
(above  and  below  each  girt),  and  two  ends  to  each  girt,  a  baseline  peak  vibratory  load  at  each 
girt/column  joint,  normal  to  the  panel  surface,  would  be  25  x  14.1  x  2  x  (1/2)  =  ±352  lb. 
Allowing  for  a  stress  concentration  factor  of  3.5,  a  design  vibration  reaction  load  would  be 
±1235  lb. 

(2)  For  the  second  method,  assume  the  610  lb  design  load  per  panel/girt  joint  times  11  joints  per 
25  ft  girt  span  is  carried  by  both  ends  of  a  girt  but  that  each  610  lb  panel  load  is  randomly 
phased  with  the  others.  On  this  basis,  the  net  vibratory  reaction  load  at  each  girt/column  joint 
would  be: 


n 

£(610)2  x 


Ni=t 


\_ 

2 


=  v^(610)2  x  11 


x  1  =  1010  lb 

2 


The  higher  estimate  (1235  lb)  from  Method  No.  1  is  recommended  for  a  tension-compression 
design  load  for  the  girt/column  joint  to  account  for  vibration. 
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The  corresponding  shear  at  a  girt/column  connection  including  the  average  static  weight  of  the  panels  and 
girts,  is  estimated  as  follows: 


1/2  Basic  Vibration  Reaction  Load  Normal  to  Wall 

1/2  x  352 

=  ±176  lb 

Static  Weight  of  10  Panel  Sections/Girt 

10  x  52 

=  520  lb 

Static  Weight  of  1  Girt 

25  x  24 

=  600  lb* 

Total  Baseline  Shear  Load 

=  +1,296 

-  13001b 

* 

Based  on  average  weight  per  foot  of  the  various  size  girts  on  all  four  walls. 


Thus,  a  minimum  shear  load  for  a  typical  girt/column  connection,  which  includes  the  effect  of  vibration, 
would  be  1,300  lb.  This  does  not  include  any  additional  static  load  associated  with  the  weight  of 
equipment  mounted  to  a  girt.  This  baseline  vertical  shear  load  also  does  not  include  ar.y  allowance  for 
stress  concentration.  Note  that  the  vibratory  portion  of  this  shear  load  is  less  than  14  percent  of  the  total 
so  that,  unlike  the  horizontal  reaction  loads,  static  loads  will  dominate  the  vertical  shear  loads  at 
girt/column  connections. 

To  summarize  so  far,  the  wall  panels  should  be  designed  to  withstand  an  alternating  pressure  load 
of  ±32  psf  for  acoustic  loading.  The  recommended  design  tension/compression  load  for  each  panel/girt 
joint  is  610  lb  and  the  corresponding  shear  load  is  440  lb.  These  latter  two  recommended  design  loads 
include  a  multiplier  of  3.5  to  allow  for  stress  concentration.  The  recommended  tension/compression 
reaction  load  at  girt/column  joints  is  1235  lb,  including  a  multiplier  of  3.5  for  stress  concentration.  The 
vibration  reaction  load  in  shear  for  girt/column  joints  is  only  14  percent  of  the  basic  static  weight  load. 


Vibration  Load  Factors  -  Wall  Mounted  Equipment 

Attachments  of  equipment  components  to  the  panel  surface  should  be  avoided  but,  if  necessary,  must 
be  designed  to  withstand  a  vibratory  load,  developed  in  Table  HI,  of  ±17  g  in  the  direction  perpendicular 
to  the  panel.  In  the  plane  of  the  panel,  the  load  factor  is  reduced  by  a  factor  of  2  to  8.5  g's. 

Vibration  load  factors  on  girt  or  column-mounted  equipment  are  estimated  by  reducing  the  baseline 
vibration  load  factors  by  the  relative  increase  in  average  surface  weight  of  the  structure,  as  shown  in  Table 
H2. 

The  design  load  factors  in  the  right-hand  column  of  Table  H2  are  baseline  values  in  the  absence  of  any 
additional  mass  loading  by  equipment.  The  baseline  load  factor  of  8.0  g  for  girt-mounted  equipment  was 
computed  as  follows. 

•  The  basic  load  factor  of  17  g  at  the  center  of  a  wall  panel  was  obtained  in  Table  HI  from  the 
analysis  of  wall  panel  response  to  the  design  acoustic  input. 

•  The  combined  surface  weight  of  a  girt  and  section  of  supported  wall  panel  is,  on  the  front  wall 
for  example,  2.78  +  18/7.5  =  5.18  psf. 
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Table  H2 


Load  Factors  for  Equipment  Mounted  on  Wall  Panels.  Girts  and  Columns 


Location 

Element 

Size 

ft 

Spacing 

ft 

• 

w 

psf 

Iw” 

g 

LF 

g 

Design  LF 
g 

Wall 

Panel 

2.5  x  7.5 

- 

2.78 

2.78 

17 

17 

Girt 

Back  wall 

W10  x  33/39 

7.5 

4.80 

7.58 

6.23 

8.0 

Girt 

Side  wail 

W8  x  21 

7.5 

2.80 

5.58 

8.47 

8.0 

Girt 

Front  wall 

W8  x  18 

7.5 

2.40 

5.18 

9.12 

80 

Column 

Back  wall 

W12  x  65 

25 

2.60 

10.24 

4.62 

5.4 

Side  wall 

W12  x  53 

25 

2.12 

7.70 

6.14 

.,A 

Average  surface  weight  for  panels,  girts  or  columns:  w  =  (wt/ft)/spacing 
Cumulative  surface  weight  (e.g..  panel  +  girt,  or  panel  +  girt  +  column 


•  Thus,  to  a  first  approximation,  using  the  higher  combined  surface  weight  of  panel  plus  girt,  the 
estimated  baseline  girt  load  factor  is  equal  to  the  baseline  load  factor.  17  g.  for  the  panel  alone, 
which  is  based  o:  a  space-average  acceleration,  times  the  ratio  of  the  panel  surface  weight  to 
the  panel  plus  girt  surface  weight  or  17  x  2.78/5.18  =  9.12  g. 

•  The  same  process  is  carried  out  for  each  type  of  girt  and  the  results  averaged  to  give  a  design 
baseline  load  factor  for  girt-mounted  equipment  of  7.94.  rounded  to  8  g. 

A  similar  process  is  carried  out  to  define  an  average  baseline  load  factor  for  column-mounted  equipment 
of  5.4  g. 

Reduction  in  Vibration  Load  Factors  Due  to  Mass  Loading  Effects 

The  baseline  vibration  load  factors  specified  in  Table  H2  will  begin  to  decrease  significantly  for 
equipment  which  has  a  weight  greater  than  about  10  percent  of  the  basic  weight  of  the  mounting  structure. 
A  highly  simplified  method  is  used  to  account  for  this  effect  which  is  based  on  concepts  similar  to  that 
employed  above  in  computing  baseline  load  factors  for  giri-  or  column-mounted  equipment. 

This  process  was  illustrated  in  the  main  body  of  the  text  in  the  Mass  Loading  Effects  section  (p  54). 
The  net  result  is  that  an  effective  vibration  load  factor  LFeff  for  an  equipment  item  with  a  weight  We 
mounted  on  a  structure  with  a  weight  Wm  is  given  by: 


LF 


eff 


LF 


wm  +  we 


IEq  H3) 


where  LF  is  the  baseline  load  factor. 
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For  application  of  Eq  H3,  it  is  important  to  note  that  the  dynamically  effective  weight  of  the 
mounting  structure  Wm  is  less  than  the  true  weight.  For  example,  consider  a  simply  supported  beam  with 
a  point  (equipment)  mass  load  in  the  middle  of  the  beam.  It  can  be  shown,  by  equating  the  fundamental 
resonance  frequency  of  the  beam  to  that  of  an  equivalent  lumped  mass-spring  system  with  the  same 
stiffness,  as  measured  at  the  center  of  the  beam,  that  the  dynamically  equivalent  weight  of  the  beam  at 
this  point  is  equal  to  48/rr4  =  0.493  times  the  true  weight.  This  is  rounded  to  a  factor  of  0.5  for  design 
purposes.  This  reduced  dynamically  equivalent  weight  would  be  higher  for  a  mounting  location  nearer 
the  end  of  a  beam.  However,  response  levels  would  also  be  lower,  so,  for  simplicity,  the  dynamically 
equivalent  values  for  Wm  arc  considered  applicable  at  any  location  on  a  particular  structure.  Applying 
this  refinement  tends  to  reduce  the  effective  load  factor. 

It  should  also  be  noted  that  the  value  of  Wm  includes  both  the  basic  mounting  structure,  such  as  a 
girt  and  that  portion  of  the  secondary  structure  (e.g..  wall  panel)  supported  by  the  structure  (girt). 
Including  this  correction  increases  the  effective  structural  mounting  weight  W  and  hence  increases  the 
effective  load  factor. 

The  net  results  of  these  two  refinements  to  the  evaluation  of  the  effective  structural  mounting  weight 
Wm  arc  summarized  in  Table  H3  for  wall-mounted  equipment. 

Finally,  a  conservative  method  for  applying  Eq  H3  would  dictate  that  the  value  for  the  equipment 
weight  We  should  be  the  actual  weight  divided  by  the  number  of  different  structural  elements  on  which 
it  is  mounted.  For  example,  for  an  equipment  package  weighing  400  lb  mounted  between  two  girts,  on 


Table  H3 

Effective  Structural  Weights  for  Wall-Mounted  Equipment 


Mounting  Structure 

Size 

Length 

ft 

Wm 

m 

ib 

Wall  Panel  Section 

2.5'  x  7.5' 

- 

26* 

Curt  -  Rack  Wall 

W10  x  39 

25 

750** 

Girt  Rack  Wall 

W10  x  33 

25 

675“ 

Curt  Side  Wall 

W8  x  21 

25 

525** 

Girt  Front  Wall 

W8  x  18 

25 

485*’ 

Column  -  Rack  Wall 

W12  x  65 

38 

5.035*** 

Column  -  Side  Wall 

W12  x  53 

43  ±5 

4.150*** 

Column  Front  Wall 

W12  x  53 

48 

4.375*** 

Effective  weight  for  one  2  5  ft  section  of  wall  panel 
Includes  effective  weight  (one  half  of  true  weight)  of  panel  i 

carried  by  girt.  e  g.. 

for  back  wall.  W(J)  - 

x  39  x  25  -750  lb 


Includes  effective  weight  of  wall  panels  and  girts  between  columns,  e.g.,  for  back  wall.  Wm  =  (38/7.5)  x  75(1  *  ( 12) 
x  65  x  38  5035  lb 
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the  side  wall,  Wm  =  525  lb,  We  =  400/2  =  200  lb  and,  from  Table  H2  with  a  baseline  LF  =  8  g  for 
equipment  mounted  on  girts,  the  effective  load  factor  at  each  girt/equipment  mounting  point  would  be: 


LF 


eff 


8g 


525 

525  +200 


5.8g 


In  summary,  baseline  vibration  load  factors  for  wall  mounted  equipment  are  specified  in  Table  H2. 
These  baseline  values  should  be  reduced  by  the  correction  defined  in  Eq  H3  using  the  values  of  Wm  in 
Table  H3. 


Roof  and  Ceiling  Mounted  Systems 

The  same  basic  process  carried  out  above  for  wall  structure  and  wall  mounted  equipment  is  repeated 
here,  without  detailed  elaboration,  for  the  roof  structure  and  roof/ceiling  mounted  equipment.  The 
dynamic  magnification  factor,  Q,  was  assumed  to  be  15  for  all  modes  of  the  roof  deck/bar  joist  system. 

Alternate  Bar  Joists 


Table  H4  summarizes  the  vibro-acoustic  parameters  for  the  roof  for  alternative  bar  joist 
configurations.  The  last  three  columns  list  the  key  vibration  loads  data  in  teims  of  baseline  load  factors, 
LF,  equivalent  static  pressures,  Ps,  and  vertical  vibration  reaction  loads  R/b  per  unit  width  of  roof  panel. 

For  the  analysis  carried  out  to  develop  vibration  loads  for  the  roof  shown  in  Table  H4,  each  section 
of  the  roof  between  bar  joists  of  the  roof/bar  joist  system  was  treated  as  a  beam  with  a  weight  per  unit 
length  equal  to  the  weight  of  a  5.7  ft  span  of  a  roof  deck/bar  joist  combination.  The  remaining  roof 
vibration  loads  are  based  on  the  16K6  bar  joist. 

Vibration  Reaction  Loads  for  Roof  System 

The  reaction  loads  for  the  roof  system  are  defined  first  for  each  bar  joist/roof  truss  joint  as  follows. 

The  magnitude  of  the  reaction  load  R  at  either  end  of  a  simply  supported  vibrating  beam  (the 
dynamic  model  for  a  bar  joist/roof  deck  section)  is  given  by  (see  Appendix  G): 


R  =  W 


Ef  1 

m 


Tim 


x  a 


m 


[Eq  H4] 


where  W  =  total  weight  of  beam 

an,  =  peak  acceleration  of  beam  in  m+h  mode 

For  a  25  ft  16K6  bar  joist  (W/L  =  8.1  Ib/ft)  supporting  an  average  5.7  ft  span  of  roof  deck  with  a  surface 
weight  of  5.9  psf,  W  is  equal  to  8.1  x  25  +  5.7  x  5.9  =  1043  lb. 
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Table  H4 


Roof  Vibro- Acoustic  Loads  for  Alternative  Bar  Joists 


Bar  Spao(L) 

Joist  ft 

I 

in4 

W/L 

Ib/ft 

WBJ 

psf 

•• 

wROOF  wTOT 

psf  psf 

Hz 

LF 

g 

Ps 

psf 

R/b* 

Ib/ft 

8K1 

8 

6.6 

5.1 

0.89 

5.9 

6.79 

26.2 

4.52 

63.4 

447 

14K6 

25 

70 

7.7 

1.35 

5.9 

7.25 

8.47 

5.34 

23.4 

384 

16K4 

25 

78.4 

7.0 

1.23 

5.9 

7.13 

9.04 

5.37 

24.9 

389 

16K5 

25 

88 

7.5 

1.32 

5.9 

7.22 

9.51 

5.23 

26.1 

394 

16K6 

25 

95.6 

8.1 

1.42 

5.9 

7.32 

9.85 

5.15 

27.0 

397 

16K7 

25 

106 

8.6 

1.51 

5.9 

7.41 

10.31 

5.04 

29.7 

406 

16K9 

25 

125 

10.0 

1.75 

5.9 

7.65 

11.0 

4.86 

31.6 

413 

22K.5 

25 

172 

8.8 

1.54 

5.9 

7.44 

13.1 

4.85 

36.9 

425 

* 

** 

**• 

Average  surface  density  of  bar  joist  over  average  spacing,  b,  of  5.7  ft. 
Surface  density  of  roofing  (steel  deck.  2.2  psf;  +  insulation  +  EPDM,  3.5  psf; 

+  fire  protection  piping.  0.2  psf) 

=  5.9  psf. 

wToT  =  WBJ  +  wROOF 
Fundamental  frequency  = 


K  El 

2L2\  (PA)eff 


where 


W 

WXOT(psf) 

b(in)L 

(wToX(ps0)(b(ft)) 

Lg 

144 

.  L§  . 

12g 

where 

b  =  panel  width  in  feet 
L  =  panel  length  in  inches 
Reaction  load  per  foot  width  (b)  of  roof  panel. 


As  shown  in  the  analysis  worksheet  in  Table  H5,  the  total  vibratory  reaction  load  R  is  1131  lb  at 
each  end  for  1 1  modes  of  a  bar  joist/roof  deck  beam  between  a  fundamental  mode  of  9.85  Hz  (see  Table 
H4)  and  1000  Hz.  Thus,  the  peak  vertical  reaction  load  at  each  bar  joist/roof  truss  joint  will  be,  allowing 
for  the  static  load  and  a  stress  concentration  factor  of  3.5: 


Rvib 

=  ±1131  lb  x  3.5 

=  ±3960  lb 

Rw, 

=  -1043  lb  x  3.5 

=  -3650  lb 

Bar  Joist/Roof  Truss  Joint 

rtotal 

=  -7610  lb  down 
=  +  310  1b  up 
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Table  H5 


Summary  of  Calculations  of  Vibro-Acoustic  Response  of  Roof 


A.)  SUMMARY  OF  ROOF  DECK  RESPONSE  MODES,  111  Modes  fro*  9.85  to  1192  Hr) 


Bar  Joist  =16*6, N/L= 
Sp.  Avg.ras  Accel.  1 
Maxima  ras  Velocity  = 
Maxiaua  ras  Stress  - 
Maxiaua  Peak  Displ.  = 
Surtace  Density  * 
a/b  = 

h  = 

Fundaaental  Freq.  = 
Dyn.  Haqmf.  Factor  = 


8.10  Ib/ft 
2.J94  g's 

5.725  m/sec. 
1.559  psi 
0.1266  in. 

Ps/l  1  NA  *  Static  Pressure/Def lection  when  available 

K  =  0.7607  =  Static  Stress/[Ps- (a/h)3],  Polynoaial  Approx. 

Fp  =  2.15  *  Peak/ras  factor  for  randoa  noise  (101  excedance) 

Ff  =  0.75  1  Reduced  strength  due  to  fatigue 

0.0508  psit 
0.0000 

9.775  in. 

Equiv.  Static  Pressure 

Ps  =  27.0  psf 

Vibration  Reaction  Load  on  Bar  Joist/ 
Roof  Deck  Connection  =  90.5  lb/ft. 

9.85  Hi 

Load  Factor  =  5.15  g's 

Vibration  Reaction  Load  at  each 

15 

Bar  Joist/Truss  Joint  1  1131  lb. 

B.)  FREQUENCY  SPECTRUM  OF  ROOF  DECK  RESPONSE  CHARACTERISTICS 
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I  Coebmed  surface  aeight  in  psi  of  roof  deck  15.9/144  psi)  and  16Kb  bar  joist  (6.1/(5.7144)  psi) 
ahen  the  later  are  spaced  an  average  of  5.7  ft  apart. 
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The  corresponding  shear  load,  V,  assuming  a  50  percent  in-plane  reduction  of  vibration  loads,  is: 

Bar  Joist/Roof  Truss  Joint  V  =  ±1/2  x  3960  lb  =  ±1980  lb 

The  vertical  reaction  load  along  the  roof  deck/bar  joist  connections  will  be  assumed  to  simply  be  the  total 
reaction  loads  at  both  ends  of  a  bar  joist  distributed  over  the  length  of  the  bar  joist.  Including  a  stress 
concentration  factor  of  3.5,  these  roof  deck/bar  joist  connection  loads  are: 

Roof  Deck/Bar  Joist 

Vertical  Load  RTOTal  ^  +  310  lb  x  2/25  ft  =  +  25  lb/ft 

-7610  lb  x  2/25  ft  =  -610  lb/ft 

Horizontal  Load  V  =  ±  1980  lb  x  2/25  ft  =  ±160  lb/ft 

Load  Factors  for  Roof  Truss-Mounted  Equipment 

Estimates  of  vibration  load  factors  for  any  equipment  to  be  supported  directly  on,  or  hung  from,  the 
bar  joists  or  roof  truss  system  were  generated  by  using  the  same  type  of  mass  loading  algorithm  used 
earlier  to  define  reduced  load  factors  on  wall  girts  and  columns.  For  example,  for  equipment  to  be 
mounted  on  a  roof  truss,  the  load  factor  was  assumed  equal  to  the  baseline  load  factor  for  the  adjacent 
roof  deck  (equal  to  5.15  g  for  the  16K6  bar  joist)  multiplied  by  the  ratio  of  the  average  surface  weight 
of  this  combination  (7.32  psf  according  to  Table  H4)  to  the  average  surface  weight  of  the  roof  deck,  bar 
joist  and  roof  truss  combination  in  the  vicinity  of  the  mounting  location.  This  process  required  that:  (a) 
the  weight  of  all  basic  structural  elements  of  the  roof  structure  be  developed,  (b)  average  surface  densities 
defined,  and  (c)  load  factors  established  accordingly  for  each  section  of  the  roof  truss  system.  The  result 
of  this  process  is  summarized  schematically  in  the  three  parts  (A,  B  and  C)  ol  Table  H6.  For  example, 
in  Table  H6A,  the  total  weight  of  that  part  of  the  total  weight  of  the  roof  truss  between  columns  A  and 
B  is  797  lb,  2121  lb  between  trusses  B  and  C,  2270  lb  between  trusses  C  and  B,  etc.  The  weight  of  the 
side  to  side  roof  truss  (including  the  average  weight  of  light  fixtures  mounted  on  this  truss  of  5.5  lb/ft) 
is  4608  lb  between  roof  trusses  3  and  4  on  column  line  B,  4374  lb  on  column  line  C,  3432  lb  on  column 
line  D,  etc.  The  sums  of  the  table  columns  and  rows  thus  represent  the  total  base  weight  of  the  roof 
structure  plus  light  fixtures  over  one-half  of  the  AMD  roof. 

Table  H6B  presents  in  each  cell  the  surface  weights  of  the  basic  roof  deck/bar  joist  structure  (7.32 
psf)  and  the  average  surface  weight  of  the  entire  roof  structure  for  each  segment  of  roof  truss  (e.g.,  17.9 
psf  is  the  value  for  the  segment  of  roof  supported  by  the  roof  truss  on  column  line  B  between  roof  trusses 
3  and  4). 

Table  H6C  presents  the  resulting  vertical  (bidirectional)  vibrational  load  factors  for  the  roof  deck 
(±5.2  g)  and  for  each  segment  of  the  roof  trusses.  The  latter  vary  from  a  minimum  of  ±  1.6  g  for  the 
segment  on  column  line  F  between  trusses  5  and  6  to  a  maximum  of  ±3.9  g.  The  average,  excluding 
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Table  H6 


Schematic  Diagram  of  Analysis  of  Vibro- Acoustic  Load  Factors  on  Truss-Mounted  Equipment 
TABLE  H-6A.  TOTAL  HEIGHT  OF  STRUCTURAL  ELEHENTS,  lb. 
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(1)  Nt.  of  TRUSS  Section  ♦  Light  fixtures 

12)  Avg.  Nt/ft  of  Light  Futures  on  roof  trusses  is  5.5  lb/ft. 

(3)  Nt.  of  Cross  Brices  md  Horizontal  Mind  Trusses 

(4)  Based  on  Average  Surface  Nt  of  Roof  Deck/Bar  Joist  Coabined  *  7,32  psf 

(5)  Includes  Height  of  additional  bracing  for  Hind  truss 

TABLE  H-6B.  AVERAGE  SURFACE  HEIGHTS,  psf 
(as  distributed  over  roof  surface) 
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Table  H6  (Cont'd) 


TABLE  H-6C.  LOAD  FACTORS  ON  ROOF,  g‘s  (3) 

[  Based  on  Table  H-6B.  and  Load  Factor  for  Roof  Deck  =  5.15  g's  ]  CENTER- 
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(1)  Load  factor  for  Roof  Deck. 

(2)  Load  Factor  for  Equipment  aounted  on  this  section  of  Roof  Truss. 

(3)  This  load  factor  is  applicable  in  both  the  up  and  down  directions. 

It  is  in  addition  to  the  doanaard  load  due  to  gravity  so  that,  for  exaaple,  the  total 
load  factor  in  the  vertical  direction  on  the  roof  deck  is  4.2  g  up  and  6.2  g  s  dean, 
In  a  horizontal  plane,  the  total  load  factor  can  be  taken  as  plus  or  emus 
1/2  the  values  shoan  above  at  all  locations  on  the  roof  syste*. 

(4)  Average  Load  Factor  on  Trusses  ♦  1  SO  -  3.1  *  0,5  g's 

(Excluding  truss  sections  on  coluan  line  A  and  betaeen  coluan 
lines  A  and  B). 
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values  on  the  roof  truss  on  column  line  A  and  between  column  line  A  and  B,  is  3.1  ±  0.5  g.  Thus 
baseline  vibration  load  factors  for  roof-mounted  equipment  will  be: 

-  -  -  -  Location . 


Roof  Deck  or 

Roof 

Vertical  Direction 

Bar  Joists 

Trusses* 

Up 

+4.2  g 

+  2.1  g 

Down 

-  6.2  g 

-  4.1  g 

Lateral  Direction 

±2.6  g 

±  1.6  g 

Average 


Mass  Loading  Effects  for  Roof-Mountsd  Equipment 

The  values  of  effective  structural  mounting  weights,  Wm,  to  employ  with  Eq  H3  for  computing 
reduced  load  factors  due  to  mass  loading  are  as  follows. 

•  For  Equipment  Mounted  on  One  Bar  Joist 


W 


m 


Effective  Mass ' 
Actual  Mass 


(Span)  (Avg  Spacing)  (Surface  Wt) 


=  1/2  x  25  ft  x  5.7  ft  x  7.32  psf  -  520  lb 

When  equipment  is  supported  from  more  than  one  bar  joist,  then  the  equipment  weight  We  to 
use  in  Eq  H3  should  be  taken  as  that  portion  of  the  total  equipment  weight  supported  by  one 
bar  joist. 

•  For  Equipment  Mounted  on  Roof  Trusses 

The  appropriate  values  for  Wm  for  each  section  of  roof  truss  (in  both  directions)  were  developed 
in  the  same  way  as  above.  The  results  are  listed  in  Table  H7.  For  example,  for  a  650  lb 
equipment  item  mounted  to  roof  truss  No.  4  between  column  lines  A  and  B,  the  effective  load 
factor  LFeff  would  be  LFeff  =  Baseline  Value  of  2.9  g  x  [1750/(1750  +  650)]  =  2.1  g. 
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Table  H7 


Effective  Weights  of  Roof  Truss  Mounting  Structure,  lbs 
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Vibration  Load  Factors  for  Pipe  Hangers  Supported  from  Bar  Joists 


An  additional  evaluation  was  made  of  the  vibration  loads  on  pipe  hangers  supporting  cooling  system 
pipes  hung  from  the  bar  joists.  The  vibration  response  of  the  pipes  was  evaluated  by  a  lumped  parameter 
mechanical  mobility  analog  ’’circuit”  illustrated  in  the  sketch  below,  where: 


Mobility  Model  of  Pipes  Hung  from  Roof 


Fc  is  the  acoustic  driving  force,  M  is  the  mass  of 
the  roof  deck/bar  joist  system,  K  is  the  spring  rate 
of  this  system  that  corresponds  to  the  fundamental 
frequency  (9.85  Hz)  of  the  roof  deck/bar  joist 
equivalent  beam,  Mp  is  the  mechanical  mobility  of 
the  pipe  system  as  seen  at  one  pipe  hanger,  and  Vp 
is  the  velocity  response  of  the  roof/pipe  hanger 
combination. 


Note  that  a  mobility  analog  model  has  the  desirable  feature  that  a  force  is  analogous  to  a  current  and  just 
as  mechanical  forces  acting  on  a  point  must  sum  to  zero,  "currents"  in  a  mobility  analog  circuit  sum  to 
zero  at  any  junction.  Similarly,  the  velocity  response  in  a  mobility  analog  circuit  is  like  a  voltage  the 
motion  with  respect  to  a  fixed  ground  location  being  analogous  to  the  voltage  with  respect  to  an  electrical 
ground.  The  mobility  of  a  mechanical  element  is  the  ratio  of  velocity  response  to  applied  force.  Thus, 
the  mobility  of  a  mass  M  is  equal  to  V/F  =  x/jtoF  =  1/jwM.  The  mobility  of  a  spring  with  stiffness  K  is 
V/F  =  jcox/F  =  jco/K. 


Based  on  these  concepts,  the  sum  of  the  forces  (currents)  at  the  top  of  the  circuit  is  found  by 
applying  the  mobility  analog  equivalent  of  Ohms  law  (i.e.,  current  =  voltage/resistance)  to  give: 


jcoM  K 


[Eq  H5J 


where  1/jcoM,  and  jeo^  are  the  mobilities  of  the  mass  and  spring  respectively,  to  =  2nf,  and  j  =  (-1)^. 

Damping  is  included  by  using  a  complex  spring  constant,  K  =  K0(l+j/Q)  where  Q  is  the  dynamic 
magnification  factor  of  the  roof  deck  resonance  and  is  the  actual  spring  rate  corresponding  to  the 
stiffness  of  the  roof  deck  for  the  fundamental  mode. 
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Without  the  pipe  hanger  (i.e.,  for  the  pipe  mobility  becoming  infinite)  the  unloaded  velocity  response 
of  the  roof  deck/bar  joist  V0  will  be 


V  =  F 

T  o  *  o 


jtoM  +  - 

jcoK 


F0jw 

K-co2M+i!^ 
°  Q 


[Eq  H6] 


The  maximum  response  (in  the  fundamental  vibration  mode)  occurs  at  the  resonance  frequency 


1  *0 


f»-2^ 


Setting  to  =  co0  =  2itf0  in  Eq  H6,  the  maximum  unloaded  response  becomes: 


V  =  F  to  -2-  =  F  Qg 
omax  0  0  K0  0  coDW 


[Eq  H7] 


where  W  =  Mg,  the  effective  weight  of  the  roof  deck/bar  joist. 

The  added  load  of  the  pipe  is  represented  by  the  mobility  Mp  which  is  conveniently  represented  by 
the  mobility  of  an  infinite  pipe  (beam)  driven  at  a  point  This  can  be  given  by  (Beranek  1971): 


M  = - 1 - 

p  [2  w  CB  (1  +j)] 


[Eq  H8] 


where  g  =  acceleration  of  gravity,  386  in/sec2 
w  =  weight  per  in.  of  pipe  beam 
CB  =  bending  wave  velocity  in  pipe  beam,  in/sec 


=  El  co2g 
w(l-v2) 


El  =  bending  stiffness  of  pipe  beam,  lb-in2 


to  =  2ttf 


v  =  Poisson’s  ratio  =  0.3  for  steel 
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For  a  Schedule  80  6.625  in.  outside  diameter  (OD)  pipe  with  wall  thickness  of  0.432  in.,  the  empty  weight 
is  28.57  Ib/ft  or  2.38  lb/in  and,  when  full  of  water,  w  =  3.32  lb/in;  El  =  1.22  x  109  lb-in2. 


At  the  resonance  frequency  f0  of  the  roof  deck/bar  joist  of  9.85  Hz,  the  addition  of  the  pipe  load 
does  not  reduce  the  fundamental  resonance  frequency  more  than  about  23  percent  and  changes  the  higher 
roof  deck/bar  joist  beam  modes  by  much  less,  so  these  changes  in  resonance  frequency  with  loading  by 
the  pipe  are  neglected.  Thus,  the  value  for  CB  at  f  =  f0  or 


-Bo 


1.22  x  109  x  (2tc  x  y.85)2  x  386 


1/4 


3.32  x  (1-.3Z) 


4940  in. 
sec 


For  the  nth  roof  deck/bar  joist  mode,  the  resonance  frequency  fn  increases  as  n2  and  the 
corresponding  value  for  CB  increases  as  n'^. 

From  Eqs  H5  through  H7  it  can  be  shown  that,  at  the  nth  resonance  frequency,  o>.  =  2rcf0n2,  the 
ratio  of  the  maximum  acceleration  response  with  the  pipe,  apr71ax(fn).  to  the  response  without  the  pipe, 
aomax(fn),  (neglecting  the  change  in  resonance  frequency  due  to  pipe  loading)  is  given  by: 

co^n2  W 

^max^n)  _  Vp  i  Qg  |Eq  H9] 

aomax(fn)  Vo  '  f"  0)0  n  2W 

R-  + - - - 


the  effective  weight  associated  with  one  section  of  roof  deck/bar  joist  (520  lb  as 
indicated  earlier) 

the  mechanical  "resistance"  of  the  infinite  pipe  at  angular  frequency  to  =  wn,  or 


where  W  = 


R„  = 


R 


n 


g 


The  above  values  were  substituted  into  Eq  H9,  and  a  resonance  amplification  factor.  Q,  of  10  was 
assumed  since  the  effect  of  adding  the  pipe  is  expected  to  appreciably  increase  the  damping  of  the  roof 
deck/bar  joist  vibration. 

The  peak  input  acceleration  aomax(fn)  without  the  pipe,  derived  from  Table  H5.  was  then  used  with 
Eq  H9  to  define  peak  acceleration  levels  at  each  mode  with  the  pipe.  The  result,  shown  in  Figure  HI. 
indicates  that  the  vibration  load  factor  at  the  pipe  hanger  reduces  from  5.15  gravities  without  the  pipe  to 
1.85  g  with  the  pipe. 
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WITHOUT  PIPE  LOAD 


OVERALL  PEAK  ACCELERATION  =  5.15  g's 


/  WITH  PIPE  LOAD 

OVERALL  PEAK  ACCELERATION 


40  60  BC  100  200  400  600  1000 


FREQUENCY.  Hz 


Figure  HI.  Spectrum  of  acceleration  response  of  roof  deck/bar  joist  with  and  without  loading  by 
6  in.  diameter,  Schedule  80  pipe. 


For  a  comparison,  apply  the  mass  loading  approximation  of  Eq  H3  and  assume  that  the  equipment 
weight,  We  would  be  equal  to  the  effective  weight  (one-half  of  the  weight)  for  a  5.7  ft  section  of  pipe 
(recall  that  the  bar  joists  are  spaced  an  average  of  5.7  ft  apart).  Thus,  We  =  1/2  x  3.32  x  12  x  5.7  =  1 14 
lb.  On  this  basis,  the  reduced  load  factor  LFeff  from  Eq  H3  is  given  by: 


LF.tr  -  515g 


520 

114+520 


4.22g 


These  two  estimates  of  the  pipe  hanger  vibration  loads  (1.85  g  and  4.22  g)  differ  substantially.  The 
average  load  factor,  3.0  g  can  be  used  for  preliminary  design.  Chapter  8  presents  the  application  of  the 
second  method  with  the  addition  of  vibration  isolation  to  the  pipe  supports. 


Rear  Door  Panel 


A  detailed  design  for  the  rear  door  of  the  AMD  was  not  available,  so  the  analysis  of  vibration  loads 
on  the  door  panels  assumed  a  design  such  as  illustrated  earlier  of  a  16  gage  interior  skin  panel  over  a  steel 
door  frame  with  2  ft  x  6  ft  spacing  of  interior  frame  members.  The  outside  skin  would  be  similar  to  the 
building  wall  panels  but  is  not  of  concern  since  it  will  not  be  directly  exposed  to  the  interior  noise  levels. 
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The  interior  space  will  be  filled  with  fiberglass  insulation  providing  considerable  vibration  damping  (in 
addition  to  the  thermal  insulation  intended  by  its  use).  For  conservatism,  a  value  of  Q  =  15  was  selected 
for  the  dynamic  magnification  factor,  even  though  a  lower  value  may  occur  due  to  the  damping  provided 
by  the  fiberglass  padding  behind  the  door  panels.  Table  H8  provides  a  summary  of  the  response  analysis 
for  one  2  ft  x  6  ft  panel  of  the  inner  door  surface.  The  upper  part  of  the  table  summarizes  the  overall 
response  parameters  for  220  modes  from  1 1  to  1005  Hz.  The  lower  pan  presents  a  summary  of  the 
response  characteristics  for  the  first  36  modes. 

Vibration  Reaction  Loads  at  the  Top  and  Bottom  of  the  Door 

Due  to  the  acoustically  induced  vibration  of  the  door  panels,  the  top  and  bottom  rollers  and  retainers 
will  be  subject  to  a  horizontal  vibratory  load.  Assuming,  conservatively,  that  the  72  in.  panel  dimension 
is  horizontal,  the  magnitude  of  these  reaction  loads  is  estimated  to  be  no  more  than  the  average  load  per 
foot  along  each  72  in.  side  (1.1  lb/ft)  times  the  number  of  such  72  x  24  in.  panels  over  the  15  ft  vertical 
height  of  the  door  vertically  times  one -half  for  the  split  between  top  and  bottom.  This  is  a  conservative 
value  which  assumes  that  all  of  the  panels  will  vibrate  in  phase.  Allowing  for  a  stress  concentration  factor 
of  3.5,  the  net  result  is: 


Rvib  - 


l)x  (1.1) 

(ik  121 

15  x  _ 

l2J 

l  24J 

(3.5)  =  14  lb/ft 


Load  Factors  for  Equipment  Mounted  on  Inside  Door  Panels 


It  is  recommended  that  the  baseline  vibration  load  factor  of  ±  5.7  g  be  used  in  the  direction  normal 
to  the  door  surface  and  ±  2.9  g  be  used  in  the  other  two  in-plane  directions  for  any  equipment  mounted 
on  the  inside  door.  No  allowance  is  provided  for  mass  loading  effects  since  it  is  assumed  that  only 
relatively  lightweight  equipment  would  be  mounted  on  the  inner  door  surface.  Any  such  mounting  (i.e., 
wire  clamps,  etc.)  should  be  made,  whenever  possible,  at  positions  on  the  inner  door  panel  directly  over 
one  of  the  door  frame  mountings.  However,  for  conservative  design,  since  the  inside  door  panels  will  be 
exposed  to  the  most  severe  acoustic  environment,  the  same  load  factor,  ±  5.7  g,  should  be  used  in  the 
direction  normal  to  the  door  for  any  equipment  mounting  location  on  the  doors. 


Chapter  7  provides  additional  inner  door  panel  response  calculations  for  panels  of  other  sizes  and 
gauges.  These  calculations  are  summarized  in  Table  15.  This  information  should  be  used  by  the 
construction  contractor  for  evaluating  the  variation  of  resonse  for  panels  of  different  sizes  and  gauge. 

Draft  Curtain 


The  draft  curtain  forms  vertical  walls  of  an  open  box  with  58  ft  front  to  back  walls  along  roof 
trusses  5  and  7  between  column  lines  A  and  D,  and  a  66.5  ft  back  wall  along  the  roof  truss  on  column 
line  D  between  roof  trusses  5  and  7. 

The  preliminary  design  concepts  for  the  draft  curtain  walls  consisted  of  3  in.  deep  20  gage 
corrugated  panels  supported  on  a  3  in.  channel  at  the  bottom  tied  to  a  W16  x  45  in.  girder  which  was  the 
bottom  member  of  the  roof  truss  (see  Figure  6).  The  walls  of  the  draft  curtain  were  treated  as  a 
non-homogeneous  corrugated  beam.  However,  tabulated  values  of  the  area  moment  of  inertia,  1,  per  unit 
width  and  surface  weight  (listed  later),  made  it  possible  to  predict  the  resonance  frequencies  for  such  a 
structure  by  treating  the  corrugated  panels  in  terms  of  equivalent  uniform  beams.  A  Q  of  25  was  assumed 
for  all  draft  curtain  vibration  modes  reflecting  the  lack  of  any  significant  damping  mechanisms  for  these 
corrugated  panels. 
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Table  H8 


Summary  of  Vibro-Acoustic  Response  Calculations  of  Door  Panels 
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Table  H9  presents  a  summary  of  the  response  analysis  for  the  "panel"  response  of  a  section  of  the 
draft  curtain  walls  consisting  of  an  18  gage,  16  ft  long  panel.  For  this  structure,  as  explained  in  the 
Equivalent  Static  Pressures  for  Other  AMD  Structural  Panels  section  in  the  main  body  of  the  text,  the 
acoustic  excitation  was  modified  to  account  for  the  diffraction  of  sound  around  both  sides  of  the  draft 
curtain.  This  decreased  the  net  acoustic  load  at  frequencies  below  about  30  Hz  and  increased  it  at  higher 
frequencies. 

Reaction  Loads 

Vibration  reaction  loads  on  the  draft  curtain  support  structure  are  listed  later  in  Table  H10  for 
different  gages  and  lengths  of  the  draft  curtain.  The  average  value,  in  the  direction  normal  to  the  draft 
curtain,  is  207  lb/ft  along  either  the  top  or  bottom  edge.  Shear  reaction  loads  are  estimated  to  be  one-half 
of  those  values.  However,  neither  of  these  includes  an  allowance  for  stress  concentration. 

Vibration  Load  Factors 

The  vibration  load  factors  for  equipment  mounted  on  the  draft  curtain  are  as  follows  for  the  18  gage, 
16  ft  long  panel  analyzed  in  Table  H9: 

On  Draft  Curtain 


Perpendicular  to  curtain 

±21  g 

Horizontal,  In  Plane  of  Curtain 

±  11  g 

Vertical 

Up 

+  10  g 

Down 

-  12  g 

The  effective  weight  Wm,  to  be  used  in  Eq  H13  to  allow  for  any  mass  loading  effects  which  reduce  the 
vibration  load  factor  for  equipment  mounted  on  the  draft  curtain,  can  be  computed  as  follows. 

The  draft  curtain  can  be  considered  as  consisting  of  two  25  ft  wide  sections  along  each  side  and  two 
36  ft  sections  along  the  back.  Thus,  an  average  width  is  (2x25  +  36)/3  =  28.7  ft.  The  height  of  these 
sections  varies  from  16  ft  in  front  of  the  curtain  to  10  ft  in  back  for  a  weighted  average  height  of  about 
12  ft.  Thus,  for  an  18  gage  version  with  a  surface  weight  of  3.46  psf,  and  allowing  for  a  reduction  by 
a  factor  of  4  in  actual  weight  for  the  dynamically  effective  weight  of  a  typical  draft  curtain  panel  section, 
the  value  of  Wm  will  be  1/4  x  28.7  x  12  x  3.46  =  298  «  300  lbs. 

For  equipment  mounted  on  the  lower  girder  of  the  roof  truss  (or  3  in.  channel)  supporting  the  draft 
curtain,  the  preceding  load  factors  will  be  reduced  by  mass  loading.  The  average  effective  weight  of  a 
typical  section  of  the  lower  girder  is  assumed  to  be  25  percent  of  the  total  weight  of  the  roof  truss  section 
(i.e.,  50  percent  of  one-half  of  the  weight  of  the  roof  truss).  The  weight  of  the  individual  roof  truss 
sections  can  be  derived  from  Table  H6.  The  resulting  effective  weight,  including  an  average  effective 
weight  of  70  lb  for  the  3  in.  channel  at  the  bottom  of  the  draft  curtain,  is  960  lb  for  an  average  section 
between  trusses 

Thus,  the  baseline  load  factor  for  equipment  mounted  on  the  lower  girders  supporting  the  draft 
curtain  will  be  reduced  from  the  preceding  values  by  the  ratio  of  300  to  (960  +  300)  or  0.238. 
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Table  H9 


Summary  of  Vibro- Acoustic  Response  Calculations  for  Draft  Curtain 


A.  SUMMARY  OF  RESPONSE  PARAMETERES  FOR  DRAFT  CURTAIN  ,  11  Modes  fro*  10  to  1173  H: 
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0.0247  psi 

Equiv.  Static  Pressure 

192  in. 

Ps , psf  =  33.7  psf 

REACTION  LOAD 

3.939  in. 

9.69  H2 

LOAD  FACTOR 

221  lb. /ft. 

25 

21.4  gs 

B.  FREQUENCY  RESPONSE  CHARACTERISTICS  FOR  DRAFT  CURTAIN 
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!  lateral 

Value 

La 

! Veloci  Strs/Vel  Stress 

Displ.: 

Freq. 

Peak  10-Log|J2)  Reaction 

1  J2a,n 

! 

psi/ 

Accel.  Ja2 

Jn2 

Load 

g  2 

dB  re : Ig ( in/s ) 2 

( in/sec 

( psi l3 

(in)2 

Hz. 

9'* 

lb. /ft.  ' 

-20 

1  0.08 

0.03 

-15.74 

17.14 

272.4 

1.27E+06 

4.62E-03 

9.69 

0.35  -3.973 

-3.636 

6.36 

!  0.12 

1.18 

0.73 

47.57 

272.4 

3.53E+06 

8.02E-04 

38.8 

2.34  -11.96 

1.4336 

21.20  ; 

!  0.10 

5.91 

7.72 

46.95 

272.4 

3.48E+06 

1.56E-04 

87.2 

5.23  -12.59 

1.3288 

31.60 

;  o.i6 

27.36 

14.37 

68.73 

272.5 

5.10E+06 

7.24E-05 

155 

11.25  -10.97 

1.5727 

50.98 

:  0.14 

30.02 

14.77 

30.89 

272.5 

2.29E+06 

1.33E-05 

242 

11.78  -11.61 

1.4859 

42.72 

:  o.io 

15.64 

11.94 

7.76 

272.5 

5.76E+05 

1.62E-06 

349 

8.50  -13.09 

1.4426 

25.70 

;  o.o7 

8.58 

9.34 

2.30 

272.4 

1.71E+05 

2.58E-07 

475 

6.30  -14.39 

1.5290 

16.32 

:  0.06 

4.66 

6.69 

0.73 

272.4 

5.43E*04 

4.82E-08 

620 

4.64  -15.52 

1.5492 

10.52 

:  0.05 

2.68 

4.28 

0.26 

272.4 

1.95E+04 

1.08E-08 

785 

3.52  -16.53 

1.5379 

7.09 

!  0.04 

1.60 

2.04 

0.10 

272.4 

7.63E+03 

2.77E-09 

969 

2.72  -17,44 

1.4873 

4.93 

;  0.03 

1.04 

0.18 

0.05 

272.4 

3.39E+03 

8.43E-10 

1,173 

2.19  -18.26 

1.5241 

3.62 

:  0.02 

0.68 

-1.64 

0.02 

272.4 

l.5BE*03 

2.76E-10 

1,395 

1.78  -19.01 

1.4971 

2.69 

:  0.02 

0.47 

-3.31 

0.01 

272.4 

7.80E+02 

9.93E-11 

1,638 

1.47  -19.70 

1.5010 

2.05 

:  0.02 

0.31 

-5.06 

0.01 

272.4 

3.87E+02 

3.67E-11 

1,899 

1.20  -20.34 

1.5195 

1.56 

:  0.02 

0.21 

-6.78 

0.00 

272.4 

1.9BE+02 

1.42E-11 

2,180 

0.99  -20.94 

1.4924 

1.19 

2C 


Table  H10 


Summary  of  Vibration  Response  Parameters  for  Alternative  Gages 
and  Lengths  of  Draft  Curtain 


Gage 

Length,  ft 

10 

12 

14 

16 

Avg. 

18  Gage 

f0,  Hz 

24.8 

17.2 

12.7 

9.7 

16.1 

1  =  1.325  inVft 

Ps.  psf 

104 

68 

48 

34 

63.5 

w  =  3.46  psf 

LF.g 

22 

21 

22 

21 

21.5 

R/b  lb/ft 

192 

202 

216 

221 

208 

20  Gage 

f0.  Hz 

24.2 

16.8 

12.3 

9.5 

15.7 

I  =  0.959  in4/ft 

Ps.  psf 

101 

66 

46 

33 

61.5 

w  =  2.61  psf 

LF.g 

29 

28 

29 

28 

28.5 

R/b  Ib/fit 

191 

200 

212 

219 
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*  Based  on  properties  specified  for  Vulcraft  Type  3N20 

or  3N18 

Acoustical  Deck 

On  Lower  Support  Girders 


Perpendicular  to  Curtain 

±5.0 

Horizontal,  In  Plane  of  Curtain 

±  2.5 

Vertical 

Up 

+  1.5 

Down 

-  3.5 

These  baseline  load  factors  may  be  reduced  further  for  equipment  with  a  weight,  We,  more  than  about  10 
percent  of  the  value  for  the  total  effective  weight  Wm  (960+300/2)  =  1260  lb  for  the  lower  girder  and  draft 
curtain  weight  per  section. 

The  baseline  load  factor  for  equipment  attached  to  the  top  girder  of  the  trusses  forming  the  draft 
curtain  can  be  derived  from  the  roof  load  factors  in  Table  H6C.  For  this  particular  area,  the  average  load 
factor  is  ±2.8  g,  slightly  lower  than  the  average  of  ±3.1  g  over  all  of  the  roof  trusses. 

The  corresponding  average  value  of  effective  weight  for  equipment  mounted  on  the  top  girders 
supporting  the  draft  curtain  is  5300  lb,  slightly  higher  than  the  average  value  of  5017  lb  over  all  roof  truss 
sections  listed  in  Table  H7. 

Vibration  Loads  for  20  Versus  18  Gage  and  for 
Different  Lengths  of  the  Draft  Curtain 

Table  H10  provides  a  summary  of  the  key  vibration  response  parameters  for  both  an  18  and  a  20 
gage  version  of  the  draft  curtain  and  for  segments  of  different  lengths.  Only  the  equivalent  static  pressure, 
Ps,  varies  significantly  with  length.  However,  the  highest  average  load  factor,  28.5  g,  occurs  as  expected 
for  the  lightest  gage. 
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HV  System 


Three  aspects  of  the  HV  system  are  of  concern  relative  to  vibro-acoustic  loads.  They  are:  (a)  the 
vibro-acoustic  loads  on  the  HV  system  enclosure  panels,  (b)  the  vibro-acoustic  loads  on  the  air  ducts,  and 
(c)  the  vibration  load  factors  for  the  HV  mechanical  equipment 

Vibro- Acoustic  Loads  on  HV  Enclosure 

A  typical  HV  (e.g.,  blower  motor/plenum)  enclosure  cabinet  will  consist  of  18  gage  galvanized  steel 
panels  braced  at  the  edges  and  mid-span  with  1  in.  x  1  in.  x  1/8  in.  steel  angles.  Typical  panel  sizes, 
according  to  a  representative  manufacturer’s  brochure,  are  4  ft  x  4  ft  and  2  ft  x  4  ft.  A  Q  of  25  was 
assumed  for  all  enclosure  panel  modes. 

Table  HI  1  summarizes  the  vibro-acoustic  response  parameter  for  an  18  gage  4  ft  x  4  ft  panel  and 
a  2  ft  x  4  ft  panel.  The  equivalent  static  pressures  are  2.8  psf  and  7.5  psf  and  the  load  factors  are  5.4  g 
and  7.0  g  respectively  for  the  different  panel  sizes.  The  approximate  vibration  reaction  loads  along  each 
edge  can  be  approximated  from  the  product  of  the  load  factor  and  the  dynamically  effective  weight  of 
these  panels  which  have  a  surface  weight  for  18  gage  steel  of  1.94  psf,  or 

48"  x  48"  panel,  R  -  5.4x  _Lx48x48x.ll21.  =  42  lb 

4  144 


24"  x  48"  panel,  R  -  7.0xlx24x48xi^l  =  27  lb 
F  4  144 


Fatigue  of  the  enclosure  panels  is  not  likely  for  such  a  modest  load,  although  some  problems  such  as 
fastener  loosening  or  local  cracking  around  fasteners  may  occur  in  time.  The  vibro-acoustic  load  is  low 
due  to  the  low  fundamental  resonance  frequencies  of  the  enclosure  panels  and  the  low  acoustic  excitation 
at  such  low  frequencies.  In  this  case,  stiffening  of  the  enclosure  walls  to  minimize  any  possible  fatigue 
problems  could  actually  make  the  net  vibro-acoustic  response  greater.  Evaluation  of  response  for  different 
gage  thicknesses  did  not  change  the  overall  result  significantly. 

Vibro- Acoustic  Loads  on  HV  Ducts 

The  HV  ducts  inside  the  AMD  vary  widely  in  size  and  orientation  from  cross  sections  as  small  as 
8  in.  x  14  in.  with  a  span  of  90  in.  up  to  36  in.  x  36  in.  with  a  133  in.  span.  The  vibro-acoustic  response 
of  each  size  of  sidewall  of  these  ducts  was  analyzed  assuming  a  dynamic  magnification  factor  of  30  and 
18  gage  thick  walls.  (Standard  practice  would  ordinarily  dictate  use  of  20  gage  for  ducts  with  widths  less 
than  30  in.) 

To  determine  the  vibro-acoustic  response  of  each  sidewall  of  a  duct,  the  net  acoustic  load  on  each 
wall  was  approximated  by  assuming  that  the  acoustic  pressure  on  the  inside  wall  was  equal  to  the  incident 
pressure  on  the  outside  but  with  a  phase  shift  due  to  the  propagation  delay  of  the  sound  on  the  back  side 
caused  by  its  diffracted  sound  propagation  path  around  the  opposite  duct  wall.  A  simple  mass-law  sound 
attenuation  law  was  also  applied  to  allow  for  the  sound  transmission  loss  of  this  diffracted  sound  after  it 
passed  through  the  opposite  duct  wall. 
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Table  HU 


Summary  of  HV  Enclosure  Panel  Vibro- Acoustic  Response  Parameters 


HVAC  ENCLOSURE,  48 

in  .  , 

:  48  in. 

,  IB  Gaqe, 

378  Modes  from  4 

to  1<>u4 

Sp.  flvq.rms  Accel. 

= 

2 . 50 

g '  « 

K 

—  U  ■  ^Z06>£> 

Maximum  rms  Velocity 

= 

13.32 

in/ sec . 

Fp 

=  2.15 

Maximum  rms  Stress 

= 

1,994 

psi 

Ff 

=  0.75 

Maximum  rms  Displ . 

= 

0.454 

in  . 

Surface  Density 

= 

0 . 0135 

psi  ! 

Equi v . 

Static  Pressure  ! 

a(48in. )/b(48in. ) 

= 

1  .  OOOO 

» 

i 

F's ,  psf 

=  2.8 

psf 

h  = 

0 . 0478 

in  -  J  — 

— 

— 

- : 

Fundamental  Freq. 

- 

3.9 

Hr  ! 

Load  Factor  = 

Dyn .  Magnif.  Factor 

=* 

25 

1 

1 

5.4  g ' s 

B)'  HVAO  ENCLOSURE ,  48  in.,x  24  in.,  18  Gage,  185  Modes  from  10  to  lu<>4  Hr 


Sp.  Avg.rms  Accel. 

= 

3.24 

g' s 

K 

= 

0.6125 

Maximum  rms  Velocity 

= 

13.32 

in /sec . 

Fp 

= 

2.15 

Maximum  rms  Stress 

a 

2 . 808 

psi 

Ff 

= 

0.75 

Maximum  rms  Displ . 

= 

0. 183 

m  . 

Surface  Density 

= 

0.0135 

psi 

Equiv . 

Static  Pressure 

a(24in. )/b(48in. ) 

s 

0 . 5000 

Ps, psf 

rx 

7.5  psf 

h 

0.0478 

in . 

— 

Fundamental  Freq. 

Dyn.  Maqnif.  Factor 

s 

9.9 

25 

Hr 

Load 

7 

Factor  = 

.0  g  ‘  s 

These  two  corrections  are  a  highly  simplified  version  of  a  complex  process  but  serve  to  provide  a 
better  approximation  for  the  net  acoustic  loading.  Applying  these  corrections  changed  the  effective 
pressure  on  the  outside  from  the  incident  pressure  Pj  (including  surface  reflection)  to  an  effective  value 
Peff  given  by  the  rms  net  pressure  difference  <Pj-P4>  across  the  duct  where  P4  is  the  pressure  on  the 
inside  wall.  The  net  result  is  that 
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where 


AX  =  Duct  height  +  2  x  duct  width  (width  dimension  is  distance  between  opposite  walls  of  duct 
side  under  consideration) 

cQ  =  Speed  of  sound  in  air,  1 126  ft/sec 

t  =  2jtfw/pwc0 

f  =  Frequency 

w  =  Surface  weight  of  duct  wall 

pw  =  Weight  density  of  air 

A  few  cases  were  also  analyzed  in  which  the  pressure  on  the  inside  of  the  duct  was  set  equal  to  zero. 
This  variation  did  not  change  the  results  significantly.  The  results  of  this  analysis  of  the  vibro-acoustic 
response  of  the  duct  walls  are  summarized  in  Table  HI 2.  It  is  important  to  note  that  this  analysis  only 


Table  H12 

Summary  of  Vibro-Acoustic  Response  Parameters 
for  18  Gage  Galvanized  Steel  Walls  of  HV  Ducts 


Panel  Size 


Duct  Size 

w 

L 

C 

P8 

LF 

o 

Y  ••• 
V 

in. 

W/120t 

R/W* 

Diffraction 

in 

in. 

in. 

Hz 

psf 

8 

psi 

in. 

lb/ft 

Included 

8  x  14 

8 

90 

71.6 

156 

24 

7990 

0.18 

0.067 

88 

Yes 

10  x  12 

10 

90 

46.0 

111 

32 

8835 

0.28 

0.083 

117 

Yes 

12  x  12 

12 

90 

32.1 

58 

23 

6640 

0.33 

0.10 

84 

Yes 

8  x  14 

14 

90 

23.7 

36 

19 

5625 

0.35 

0.12 

69 

Yes 

12  x  16 

16 

90 

18.3 

27 

21 

5435 

0.37 

0.13 

77 

Yes 

16  x42 

42 

90 

3.1 

1.9 

6.5 

2280 

0.49 

0.35 

24 

Yes 

16  x  50 

50 

90 

2.4 

1.4 

5.4 

2085 

0.54 

0.42 

20 

Yes 

12  x  12 

12 

I n 

32.1 

46 

20.5 

0.23 

0.10 

75 

No 

8  x  14 

14 

u 

23.7 

33 

KH 

0.30 

0.12 

73 

No 

20  x  24 

20 

133 

11.6 

17.4 

24 

5530 

0.52 

0.17 

128 

Yes 

22x24 

22 

133 

9.6 

10.2 

17 

3915 

0.48 

0.18 

90 

Yes 

24  x  24 

24 

133 

8.1 

7.7 

17 

3535 

0.50 

0.20 

92 

Yes 

30  x  30 

30 

133 

5.3 

4.1 

16.6 

2855 

0.53 

0.25 

90 

Yes 

36  x  36 

36 

133 

3.8 

2.7 

9.5 

2690 

0.57 

0.30 

57 

Yes 

Fundamental  resonance  frequency  for  one  side  of  duct  wall  with  specified  panel  size, 
rms  stress  in  duct  wall.  Peak  stress  will  be  2.15  times  greater  10  percent  of  the  time. 

Effective  peak  displacement  allowing  a  peak/rms  deflection  of  2.15  and  an  additional  increase  of  1/0.75  for  fatigue  effect 
Nominal  desirable  limit  in  deflection  based  on  panel  width. 

Conservative  estimate  of  reaction  load/ft  along  each  joint. 
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considers  the  response  of  each  surface  of  the  duct  walls  vibrating  as  a  panel.  Chapter  8  presents  the  duct 
response  when  the  entire  duct  is  treated  as  a  beam.  This  duct  response  data  is  summarized  in  Table  24a 
and  24b.  In  this  case,  the  acoustic  loading  can  be  based  on  the  net  load  of  the  incident  sound  on  the 
widest  surface  assuming  that  the  duct  is  located  up  against  a  wall  and  thus  has  no  significant  acoustic  load 
on  the  opposite  duct  wall. 

As  indicated  in  Table  H12,  the  acoustic  loads  vary  markedly;  the  equivalent  pressures  and  load 
factors  decrease  sharply  as  the  duct  height  (i.e.,  the  short  dimension  normal  to  the  direction  of  arrival  of 
the  incident  sound)  increases.  The  ducts  with  smaller  cross  sections  have  higher  panel  resonance 
frequencies  which  are  closer  to  the  peak  frequencies  of  the  acoustic  excitation  and  thus  have  higher 
equivalent  static  pressures.  This  is  also  apparent  by  comparing  the  estimated  peak  deflection,  Xpk,  to  a 
normally  acceptable  deflection  based  conservatively  on  1/1 20th  of  the  panel  width  W,  the  smaller  of  the 
two  panel  dimensions.  It  is  clear  that  for  the  smaller  ducts,  the  peak  deflection,  Xpk  is  of  the  order  of 
three  times  W/120.  Note  that  Xpk  is  a  value  expected  to  be  exceeded  less  than  10  percent  of  the  time  and 
is  increased,  as  explained  in  Appendix  D,  by  the  ratio  1/0.75  to  allow  for  fatigue  effects.  Nevertheless, 
this  is  a  clear  indication  of  the  potential  for  acoustically  induced  fatigue  damage  to  the  HV  ducts  at  any 
location  (e.g.,  joints)  where  there  will  be  stress  concentrations.  It  is  recommended,  therefore,  that 
particular  attention  be  given  to  the  use  of  high  strength,  highly  damped  joints  and  taking  steps  to  minimize 
any  additional  dead  weight  loads  on  the  HV  duct  walls. 

While  the  results  in  Table  H12  are  quantitative,  they  are  necessarily  approximate  and  can  only  be 
considered  as  providing  definite  qualitative  indications  of  the  high  potential  for  troublesome 
acoustically-induced  fatigue  failures  of  the  HV  duct  walls  unless  proper  design  steps  are  taken  to  minimize 
such  fatigue.  One  of  the  steps  implicit  in  these  results  is  that  a  heavier  gauge  ducting  than  normally  used 
should  be  considered  for  the  smaller  cross  section  ducts  which  will  tend  to  have  the  greater  potential  for 
fatigue  damage.  Such  recommendations  for  the  use  of  heavier  gauge  duct  thickness  are  given  in 
Chapter  7,  Tables  21a  and  21b. 

Reaction  Loads  at  HV  Joints.  Reaction  loads  per  foot  at  HV  duct  joints  are  conservatively  estimated 
by  dividing  the  product  of  the  peak  total  reaction  load  per  side  by  the  length  in  feet  of  the  joints  on  each 
side  of  a  given  duct  wall.  The  peak  total  reaction  load  is  the  Load  Factor  (LF)  times  the  dynamically 
effective  weight  of  the  duct  wall  which  is  equal  to  the  area  times  the  surface  weight  (0.0135  psi  for  18 
gage  steel)  times  1/4.  This  product  is  then  multiplied  by  two  to  account  for  the  load  at  one  joint  for  two 
adjacent  duct  walls,  and  divided  by  two  for  the  two  joints  at  each  end.  This  conservative  estimate  assumes 
that  all  of  the  vibration  reaction  load  on  each  duct  wall  side  is  taken  up  only  at  the  joints.  These  loads 
per  foot  are  also  listed  in  Table  HI 2.  For  example,  for  the  first  duct,  the  estimated  reaction  load  along 
each  8  in.  joint  on  one  of  the  two  8  in.  x  90  in.  panel  sides  is; 


R 

¥ 


LF  W  L  w  I  12  in/ft 
4 

2W 


x  2 


\ 


24x8x90x0.0135x  1x12 
4 

2x8 


x  2  =  88  Ib/ft 
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Vibration  Response  of  HV  Mechanical  Equipment  Unit 

A  vibration  analysis  of  the  HV  mechanical  equipment  unit  was  carried  out  assuming  the  entire  unit 
and  an  associated  maintenance  catwalk  would  be  mounted  on  two  W8  x  28  beams  located  6  ft  and  12  ft 
respectively  from  roof  truss  3  and  spanning  roof  trusses  C  and  D.  The  HV  unit,  with  a  base  of  10  ft  by 
8  ft  and  a  weight  of  2700  lb,  was  centered  on  these  two  W8  x  28  beams  (the  10  ft  dimension  running 
parallel  to  the  I-beams).  The  6  ft  wide  by  20  ft  long  2900  lb  catwalk  extends  from  6  ft  outside  roof  truss 
3  to  14  ft  inside  roof  truss  3;  the  center  was  located  5  ft  from  truss  D. 

The  entire  system  was  reduced  to  a  lumped  mass,  3  degree  of  freedom  system  illustrated  in  Figure 
H2A  and  B.  Part  A  represents  the  lumped  mass  model  and  Part  B  illustrates  the  equivalent  mechanical 
mobility  analog  circuit  for  this  system.  Damping  is  not  shown  but  is  incorporated,  inherently,  in  the 
spring  elements  by  using  a  complex  stiffness  as  was  done  previously  in  the  Vibration  Load  Factors  for 
Pipe  Hangers  Supported  from  Bar  Joists  Section  for  the  pipe  hanger  model.  As  indicated  in  the  Figure, 
the  driving  force  F,  for  the  system  is  the  acoustic  load  on  the  roof  deck,  and  V,  is  the  velocity  response 
of  this  portion  of  the  roof  and  the  desired  response  at  the  base  of  the  HV  unit  is  the  velocity  V3. 

As  shown  in  the  figure,  the  three  lumped  masses,  Mlt  M2  and  M3,  correspond  to  the  weights  of: 

(1)  The  section  of  the  roof  deck/bar  joists  over  the  HV  unit 

(2)  The  sections  of  roof  truss  C  and  D 

(3)  The  two  W8  x  28  support  beams,  catwalk  and  HV  unit. 

The  three  springs,  represented  by  compliances  Cj,  Q  and  C3  (a  compliance  C,  in  in/lb,  is  the  inverse  of 
a  stiffness  K  in  Ib/in)  correspond  to  the  stiffness  of: 


( 1 )  The  roof  deck/bar  joist 

(2)  The  sections  of  roof  truss  C  and  D 

(3)  The  two  W8  x  28  support  beams. 

These  mass  and  compliance  parameters  were  established  as  follows. 


1. 


M,,  C,= 
M,g  = 


Roof  Deck/Bar  Joist 

Weight  of  one  bay  of  roof  between  roof  trusses  3  and  4,  C  and  D  =  6085  lb  (see 
Table  H6A)  where  g  =  386  in/sec2 


Since  f,  =  _L 
1  2k 


M,C, 


C,  = _ § _  =  1.66x  10'5in/lb 

[Mlg(2nf,)2] 
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Roof 

Deck/ 

Bar 

Joist 


Roof 

Truss 


W8  x  28 
Beams, 
Catwalk 
&  HV 


Model  Shown 
Without  Damping 
Elements 


Modes-  fj 


—  V17MA 

2  n 


Fj  =  Driving  Force  of  Acoustic  Load  on  Roof 
Deck 

Vl  =  Velocity  Response  of  Roof  Deck/Bar 
Joist 

V3  =  Velocity  Response  of  HV  Mounting 
Point 

F3  =  Force  Driving  HV/Catwalk  Mounting 
Beam 

Mj  =  Mass  of  Roof  Deck/Bar  Joist 
Ci  =  Compliance  of  Roof  Deck/Bar  Joist 
M2  =  Mass  of  Roof  Truss  Section 
C2  =  Compliance  of  Truss  Section 
M3  =  Mass  of  W8  x  28/Catwalk/  HV 
C3  =  Compliance  of  W8x  28  Beams 


(a)  Lumped  mass  model 


(b)  Equivalent  mechanical  mobility  analog  circuit 


Figure  H2.  Lumped  mass  mobility  model  for  HV  system. 
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2.  Mj,  C2=  Section  of  Roof  Truss 

M2g  =  72  [weight  of  truss  C  (3-4)  +  weight  of  truss  D  (3-4)] 

=  1/2  [4374  +  3432]  (see  Table  H6A) 

=  3903  lb 

From  the  analysis  of  roof  C  in  Chapter  7  (p  87) 

Mode  No.  1  2 

f^,  Hz  =  24.6  32 

q,  in/lb  =  4.14  x  10"6  2.45  x  lO-6 

3.  M3,  C3  -  HV,  Catwalk  and  two  W8  x  28  Beams 

The  analysis  is  carried  out  for  the  dynamic  response  of  just  one  of  the  two  W8  x  28  beams. 

M3g  =  1/2  [wt  of  HV  +  wt  of  W8  x  28  beams  +  wt  of  portion  of  catwalk  carried  by  W8  x  28 
beams] 

or 

M3g  =  1/2  [2700  +  (25)  (28)  (2)  +  1500]  =  2800  lb 

Without  the  HV  or  catwalk,  the  fundamental  resonance  frequency  of  one  W8  x  28  beam  will  be: 

f  _  n  El 

3  w/12s 

where  L  =  Length  of  beam  (25  x  12  =  300  in) 

E  =  3  x  107  psi  for  steel 

I  =  98.0  in4  for  W8  x  28  beam 

w  =  weight/ft  =  28  Ib/ft  for  beam 
or  f3  =  12.2  Hz 


3  4 

55^4  72.1 

8.16  xlO'7  4.82  x  10  7 
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When  the  weights  of  the  HV  system  and  catwalk  are  added  as  lumped  masses  to  the  beam  (see 
sketch),  its  fundamental  frequency  will  decrease  due  to  mass  loading  to  f3'  according  to: 


[Eq  H 101 


where  ^(Yj)  =  beam  mode  shape  for  ith  mass  at  Yf. 


HV  Catwalk 


-h  I) 


h*-L/5 


For  a  simply  supported  beam,  O^Yj)  =  sin(rcY/L),  and 
splitting  the  lumped  masses  evenly  between  the  two 
W8  x  28  beams, 


,  r,,,  rf.2/v  •  2(  *  1/27001 

for  HV,  <DZ(Y,)W,  =  sinz  _  x _ _ —  = 


1350  lb 


Mass  Loading 
on  W8  x  28  Beam 


For  catwalk,  <t>2(Y2)W2  =  sin2f-T  l50^  |  =  259  lb 


5  1  2 

3  A  1 


Substituting  these  into  Eq  H10,  f3  =  5.14  Hz 

•\C3  = - £ _  =  1.32x  10-4  in/lb 

[W3(2rtf3)2l 


From  an  analysis  of  the  mobility  diagram  in  Figure  H2,  and  including  the  effects  of  damping,  it  can  be 
shown  that  for  this  simple  lumped  mass  model  the  ratio  of  the  acceleration  A3  at  the  bare  of  the  HV  unit 
to  the  acceleration  A,’  at  the  roof  deck/bar  joists  alone  (when  the  latter  are  tied  to  rigid  supports  as  was 
assumed  in  deriving  the  roof  deck/bar  joist  vibration  environment)  is  given  by: 


[Eq  HI  1] 


[P  -(— )(MS+m(MH-Nl))]2  +  [Q  -(— )(NS+m(NH+MI))]2 

s  s 
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where 


To  apply  this  expression,  the  acceleration  peaks  of  the  response  spectrum  of  the  roof  deck/bar  joists, 
developed  in  Table  H5,  were  enveloped  by  a  continuous  spectrum  as  illustrated  in  Figure  H3.  Below  the 
fundamental  frequency  (9.85  Hz  for  the  16K6  bar  joists),  the  input  spectrum  wa>  rolled  off  as  expected 
for  a  single  degree  of  freedom  system  with  a  Q  of  15. 

This  input  acceleration.  A,',  shown  in  Figure  H3  on  a  log  scale  as  lu  log  ^Mean  Square 
Acceleration  in  g2)  was  used,  along  with  the  square  of  the  value  of  Aj/A,',  obtained  from  Eq  Hll,  to 
define  the  envelope  of  the  estimated  mean  square  acceleration  peaks,  A32(f),  as  a  function  of  frequency, 
at  the  base  of  the  HV  unit  Mounting  the  HV  unit  on  the  W8  x  28  beams  provides,  in  effect,  vibration 
isolation  from  the  general  vibration  of  the  roof  trusses. 
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1  2  4  6  a  ID  2D  40  6Q  80100  200  400  600  1  0OO 

FREQUENCY,  Hz 


(o)  =  response  peaks  from  Table  H5  (-)  =  continuous  envelope  used  for  analysis 

Figure  H3.  Acceleration  response  spectrum  for  roof  deck  used  as  input  to  mobility  model 
for  HV  vibration  response. 


However,  at  frequencies  above  the  highest  fundamental  frequency  used  in  the  mobility  model  in 
Figure  H2  (about  72  Hz  for  f2),  it  was  assumed  that  the  actual  HV  vibration  was  no  less  than  20  dB  below 
(lower  by  a  factor  of  10  in  vibration  amplitude)  from  the  roof  deck/bar  joist  vibration.  This  empirical 
adjustment  to  the  estimated  HV  vibration  response  accounts,  in  a  very  approximate  way,  for  the  limited 
vibration  isolation  provided  at  higher  modes  of  the  entire  structure  that  is  not  accounted  for  by  the  lumped 
mass  model. 

Once  the  envelope  of  mean  square  acceleration  A32(f)  response  spectrum  at  the  base  of  the  HV  was 
determined,  it  was  converted  into  an  Acceleration  Spectral  Density  Spectrum  APSD3(f)  using: 

APSDj(f)  =  2Q?  ^(°  IEq  H12I 

This  response  APSD  spectrum  was  then  integrated,  numerically,  over  frequency  to  determine  the  overall 
mean  square  acceleration  A32  at  the  HV  base.  The  vibration  load  factor  at  this  point  was  then  computed, 
as  for  all  other  cases  in  this  report,  by  multiplying  the  rms  acceleration  by  2.15  for  a  peak  response: 

LF  =  2.15^"  [Eq  H13] 


The  results  of  applying  this  analysis  are  shown  in  Table  HI  3  for  the  four  different  values  for  the  roof  truss 
frequencies  f2,  cited  earlier  in  this  appendix  and  in  Chapter  7  of  the  main  body  of  the  report. 

The  results  were  found  to  be  relatively  insensitive  to  the  dynamic  magnification  factors  assumed.  Based 
on  these  results,  it  is  recommended  that  the  HV  unit  be  designed  for  the  following  vibration  load  factors. 


Vertical  Direction 

Up 

+  0.3  g 

Down 

-  2.3  g 

Horizontal  Direction 

±  0.63  g 

Table  H13 

Summary  of  Calculated  Vibration  Response  Parameters  at  Base  of  HV 


h 

Hz 

LF 

g 

Peak  Displacement 
in. 

24.6 

1.26 

0.020 

32 

1.24 

0.018 

55.4 

1.20 

0.008 

72.1 

1.20 

0.008 
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METHODOLOGY  FOR  DEVELOPMENT  OF  RANDOM  VIBRATION  TEST  SPECIFICATIONS 

Given  the  structural  response  spectrum  in  terms  of  mean  square  (MS),  rms  or  peak  accelerations  at 
each  predicted  mode  for  various  structures,  appropriate  vibration  test  specifications  are  defined  as  follows 
for  potentially  vibration-sensitive  equipment  in  terms  of  acceleration  power  spectral  density  (APSD) 
curves. 

Each  response  at  a  modal  frequency  fn  can  be  described  by  the  response  APSD  (0  of  the  structure 
that  serves  as  input  to  any  component  (neglecting  any  mass  loading  effect)  mounted  on  the  structure.  That 
is,  the  peak  acceleration  response  Ap  at  the  nth  resonance  frequency,  fn,  would  be  given  by: 


\(V  -  F, 


fAPSDs(f„)^ 


(Eq  H14] 


where  Fp  is  the  peak  to  rms  ratio  (2.15)  (see  Appendix  D).  Solving  for  this  structural  response  APSDs 
(the  input  APSD  to  the  test  component), 


APSD,(fn) 


rc  f„  F„  k  f„ 


[Eq  H15] 


where 


Ap(fn)  =  Peak  acceleration  at  modal  frequency  fn 

n 

A  (fn)  =  Mean  square  acceleration  at  fn 


Q  =  Resonance  Amplification  Factor 

A  conservative  design  or  test  envelope  for  the  APSD  (f)  at  any  frequency  f  is  then  obtained  by 
constructing  an  approximate  envelope  of  these  resonance  response  APSD  (fn)  peaks.  This  is  the  procedure 
employed  in  constructing  the  random  vibration  test  envelopes. 

The  rms  acceleration  5  for  each  test  envelope  is  the  square  root  of  the  integral  of  the  APSD  (f)  curve 
from  5  to  2000  Hz  given  by: 


2000 

3  =  /  APSD(f)df  ,g 7 s 

N  5 


[Eq  H16] 
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Electrical  Equipment  Mounted  on  Tube  Between  Girts 


The  APSD  spectrum  for  the  electrical  and  fire  protection  equipment  components  to  be  mounted  on 
a  tube  spanning  the  wall  girts  was  estimated  using  the  following  procedures. 

•  Mounting  Tube  Cross  Section  3"  x  3"  x  3/16" 

Length  90  "  (7.5  ft) 

I  2.60  in4 

w  6.86  lb/ft 

•  Fundamental  Resonance  of  Unloaded  Tube 


f, 


f  ft  1 

El 

2L2 

V  ) 

\ 

W 

44.5  Hz 


Estimated  reduction  in  resonance  frequency  with  20  lb  equipment  mounted: 


f  =. 


1  +. 


Me 

M. 


where 

M,.  =  equipment  weight  =  20  lb 

M,  =  generalized  weight  of  tube  6.86  x  7.5/2  =  25.7  lb 
resulting  in 

f,  =  33.4  Hz 

The  APSD  specification  for  this  location  was  then  estimated  by  accounting  for  a  resonant  response 
of  the  mounting  tube  at  this  frequency.  This  was  based  on  the  APSD  input  to  the  mounting  tube,  derived 
from  the  estimated  wall  acceleration  response,  reduced  by  a  factor  of  5  to  account  for  the  mass  loading 
to  the  wall  panels. 


Electrical  Equipment  Mounted  on  Columns 

In  this  case,  the  APSD  for  light  components  (e.g.,  less  than  50  lb)  mounted  on  the  columns  was  esti¬ 
mated  from  the  APSD  for  the  wall  panels  reduced  by  a  factor  of  10  to  account  for  the  mass  loading  effect 
of  the  columns. 
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In  all  cases,  the  estimated  APSD  levels  in  the  two  orthogonal  directions  in  the  plane  of  the  vibrating 
surface  (e.g.,  on  the  plane  of  the  wall,  roof  panels,  etc.)  are  reduced  by  a  factor  of  4  from  the  estimated 
response  levels  in  the  direction  normal  to  the  vibrating  surface.  This  reduces  the  corresponding  rms 
accelerations  for  the  test  specifications  for  these  directions  by  a  factor  of  2.  These  reduced  in-plane 
response  levels  are  based  on  experience  in  estimating  trends  in  vibration  response  of  a  variety  of  structural 
systems. 


ADDITIONAL  CONSIDERATIONS  FOR  FATIGUE 

Alternate  operating  power  conditions  were  considered  for  the  main  engines.  This  made  it  necessary 
to  examine  the  potential  increase  in  acoustically-induced  fatigue  failure  of  sensitive  AMD  secondary 
structures  (or  equipment)  if  the  power  condition  was  increased  from  6820  rpm  to  as  high  as  8060  rpm, 
or  decreased  to  as  low  as  5883  rpm  based  on  the  data  in  the  Baseline  Environment  for  Reference  Source 
Position  Section.  Such  changes  in  operating  conditions  would  be  expected  to  change  maximum  sound 
levels  inside  the  AMD  and  relative  vibration  stress  levels  of  secondary  structure  as  follows: 


rpm 

AL,  dB* 

CT^°baseline 

8060 

Maximum  power 

+10.3 

3.27 

6820 

Baseline 

0 

1.0 

5883 

Reduced  power 

-  8.5 

0.37 

Change  in  sound  level,  dB 
Relative  stress 

The  above  estimates  of  changes  in  sound  level  are  based  on  the  following  empirical  relationship  between 
sound  level  and  rpm. 


AL  =  0.0138(n-no)-3.7  x  10'7(n2-no2) 


[Eq  H17] 


where 

AL  =  change  in  sound  level,  in  dB,  from  baseline 
n  =  new  rpm 

n0  =  baseline  rpm  of  6820 

The  corresponding  change  in  relative  stress,  assuming  a  linear  response  of  the  structure  to  different  sound 
levels  is: 

AL 

o  _  in~2Q  [Eq  H18] 

^baseline 
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For  a  typical  S-N  curve  for  steel  (see  Figure  25),  the  change  in  fatigue  life,  N,  for  a  change  in  stress  o 
can  be  estimated  from: 


( -  V«i 


n2  =  n, 


[Eq  H19] 


where 

a2  =  failure  stress  after  N2  cycles 

Oj  =  failure  stress  after  Nj  cycles. 

The  S-N  slope  parameter  aN  has  a  typical  value  of  about  14  (it  varies  over  a  range  of  about  1 1  to  29). 

Thus,  applying  the  above  values  for  stress  o2  relative  to  the  baseline  value  Oj,  the  number  of  cycles 
to  failure  N2  at  the  new  stress  level  relative  to  the  baseline  value  N,  would  be  expected  to  be  as  follows: 


rpm  02/0j  N2/N,* 


8060 

3.27 

6.3  x 

6820 

1.0 

1.0 

106 

5883 

0.37 

1.1  X 

*  Based  on  a,^  =  14  in  Eq  H19 

Clearly,  the  changes  in  rpm  cause  drastic  changes  in  expected  fatigue  life.  The  estimated  number 
of  fatigue  cycles  for  the  baseline  operation  as  developed  in  Adjustments  to  RMS  Response  to  Define 
Effective  Static  Load  section  of  the  main  body  of  this  report  was  of  the  order  of  1  million  cycles  for  the 
fundamental  vibration  frequency  ("20  Hz)  of  the  wall  panels. 

Thus,  decreasing  the  rpm  to  5883  would  increase  the  probable  number  of  life  cycles  to  about  1.1 
x  106  x  106  *  1012  cycles,  clearly  indicating  that  operation  at  this  reduced  rpm  would  not  be  expected  to 
cause  any  fatigue  for  any  practical  operating  time  of  the  AMD. 

In  contrast,  if  the  rpm  is  increased  to  8060,  the  above  figures  suggest  that  the  revised  number  of 
cycles  to  failure  would  be  less  than  1.  This  is  clearly  a  case  of  extrapolation  of  the  S-N  curve  beyond 
reasonable  limits,  but  it  does  clearly  indicate  that  operation  of  the  test  system  at  this  higher  rpm  for  any 
significant  length  of  time  inside  the  AMD  would  be  likely  to  cause  significant  fatigue  damage  to 
secondary  structures  and  vibration  sensitive  equipment  within  a  very  short  period  of  time  -  quite  possibly 
during  the  first  operating  cycle.  This  pessimistic  view  concerning  potential  fatigue  failure  of  AMD 
secondary  structures  for  operation  at  8060  rpm  cannot  readily  be  refined  or  moderated  without  acquisition 
of  actual  vibro-acoustic  response,  preferably  on  a  completed  prototype  facility  or  very  similar  facility  using 
a  test  engine.  Alternatively,  high  intensity  acoustic  tests  could  be  conducted  in  a  laboratory  on  prototype 
AMD  secondary  structural  elements  such  as  wall  or  roof  panels. 

The  increase  in  sound  level  and  the  stress  ratio  relative  to  the  stresses  at  the  baseline  (BL)  of  6820 
rpm  was  calculated  for  several  levels  of  engine  fan  speed.  These  values  along  with  the  allowable  number 
of  cycles  are  calculated  using  Equation  H19.  This  information  is  summarized  in  Table  H14  for  values 
of  of  14  and  11.  Table  H14  illustates  the  impact  of  oppcrating  the  engines  at  fan  speeds  above  the 
6820  rpm. 
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Table  H14 


Engine  Power  Level  Calculations 


AL,  Change 


Percent 

Engine 

in  Sound 

°/°BL 

Estimated  Number  of  Cycles  to  Failure 

Fan 

Fan 

Power 

Stress 

o^  =  -14  On  =  -11 

Speed 

Speed 

Level 

Ratio 

(Best  Est.) 

(%) 

(RPM) 

(dB) 

(No)  (No) 

100.0 

8532 

13.89 

4.950 

0.0002 

0.03 

95.0 

8105 

10.63 

3.399 

0.0436 

1.71 

94.5 

8060 

10.28 

3.264 

0.0769 

2.67 

94.0 

8020 

9.96 

3.149 

0.128 

3.98 

93.0 

7935 

9.29 

2.914 

0.376 

9.31 

92.0 

7849 

8.61 

2.694 

1.13 

22.2 

91.0 

7764 

7.92 

2.490 

3.40 

52.6 

90.0 

7679 

7.24 

2.301 

10.3 

126 

89.0 

7593 

6.54 

2.122 

31.9 

305 

88.0 

7508 

5.84 

1.958 

98.3 

738 

87.0 

7423 

5.13 

1.806 

305 

1799 

86.0 

7338 

4.43 

1.665 

957 

4414 

85.0 

7252 

3.70 

1.532 

3067 

11021 

84.0 

7167 

2.98 

1.410 

9780 

27413 

83.0 

7062 

2.09 

1.272 

41465 

85283 

82.0 

6996 

1.52 

1.191 

1.03E05 

1.75E05 

81.0 

6911 

0.78 

1.095 

3.39E05 

4.44E05 

80.0 

6826 

0.04 

1.005 

1.12E06 

1.14E06 

79.9 

6821 

0.00 

1.000 

1.20E06 

1.20E06 

79.0 

6740 

-0.71 

0.921 

3.78E06 

2.95E06 

78.0 

6655 

-1.46 

0.845 

1.27E07 

7.65E06 

77.0 

6570 

-2.22 

0.774 

4.30E07 

2.00E07 

76.0 

6484 

-2.99 

0.709 

1.49E08 

5.30E07 

75.0 

6399 

-3.76 

0.649 

5.14E08 

1.40E08 

74.0 

6314 

-4.53 

0.593 

1.79E09 

3.73E08 

73.0 

6228 

-5.32 

0.542 

6.36E09 

1.01E09 

72.0 

6143 

-6.10 

0.495 

2.25E10 

2.73E09 

71.0 

6058 

-6.89 

0.452 

8.03E10 

7.42E09 

67.0 

5716 

-10.12 

0.312 

I.46E13 

4.44E11 

56.0 

4777 

-19.44 

0.107 

4.83E19 

5.87E16 

38.0 

3242 

-36.06 

0.016 

2.11E31 

8.22E25 

37.7 

3218 

-36.34 

0.015 

3.28E31 

1.16E26 

37.0 

3157 

-37.04 

0.014 

1.01E32 

2.81E26 

Baseline  (BL)  is  for  a  fan  speed  of  6821  rpm. 
Idle  is  for  a  fan  speed  of  3218  rpm. 
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APPENDIX  I:  Equipment  Response  Calculations 


The  stiffness  of  the  roof  truss  braces,  assuming  they  are  simply  supported  at  both  ends,  is  given  by 
the  following  equation: 


k  = 


48  El 
L3 


[Eq  II] 


For  the  braces  between  roof  trusses  4  and  5,  and  C  and  D,  I  is  twice  the  moment  of  inertia  of  the  double 
angle  4  x  3-1/2  x  1/4  in.,  or  8.36  in4,  and  L  is  the  diagonal  span  of  41.6  feet  With  these  values  k 
becomes  96.8  lb/in.  The  mass  is  taken  as  5/8  the  total  mass  of  the  h  >  3-1/2  x  1/4  in.  members,  lumped 
in  the  center,  and  this  becomes  1.67  lb-s2/in.  The  natural  iency  is  calculated  from  the  following 
equation: 


f  =  1 
n  2jcaJ 


k 

m 


96. 8  lb/inch 
1.671bs2/inch 


1.21hz 


(Eq  12] 


Tables  II  through  19  show  equipment  response  calculations  for  the  items  indicated  in  table  titles  and 
subtitles. 
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Table  II 


Calculated  Weight  for  Horizontal  Wind  Brace  Supports 


Location 

Between 

Trusses 

Double 

Angle 

Members 

Member 

Weight 

(Ib/ft) 

Diagonal 

Length 

(ft) 

Total 

Weight 

(lb) 

Effective 

Weight 

(lb) 

1/2  5/8 

B  -  C  & 

5  x  5  x  5/16" 

20.6 

41.60 

3  -  4 

4  x  3-1/2  x  3/8" 

18.2 

41.60 

1614 

807 

1009 

E  -  F  & 

4  x  3-1/2  x  1/4" 

12.4 

41.60 

3-4 

5  x  5  x  5/16" 

20.6 

41.60 

1373 

686 

858 

B  -  C  & 

4  x  3  x  1/4" 

11.6 

41.60 

4  -  5 

4  x  3  x  1/4" 

11.6 

41.60 

965 

482 

603 

C  -  D  & 

4  x  3-1/2  x  1/4" 

12.4 

41.60 

4  -  5 

4  x  3-1/2  x  1/4" 

12.4 

41.60 

1032 

516 

645 

D  -  E  & 

4  x  3-1/2  x  1/4" 

12.4 

41.60 

-  5 

4  x  4  x  1/4" 

13.2 

41.60 

1065 

532 

666 

E  -  F& 

4  x  3  x  1/4" 

11.6 

41.60 

4  -  5 

4  x  3  x  1/4" 

11.6 

41.60 

965 

482 

603 

B  -  C  & 

5  x  3-1/2  x  1/4” 

14.0 

43.83 

5  -  6 

5  x  3-1/2  x  1/4" 

14.0 

43.83 

1227 

613 

767 

E  -  F  & 

5  x  3-1/2  x  1/4" 

14.0 

43.83 

5  -  6 

5  x  3-1/2  x  1/4" 

14.0 

43.83 

1227 

613 

767 

Table  12 


Effective  Acceleration  Calculations  for  Each  Modal  Contribution 
for  Equipment  Supported  by  tbe  Roof  Bar  Joists 


Note:  aT  =  x  T  for  each  support  motion  frequency  (f) 

Table  1 2a 

Horizontal  Wind  Truss  Support 


f 

(Hz.) 

"Pit 

(g) 

T 

(g) 

,2 

(g2) 

9.85 

0.13 

0.200058 

0.062018 

0.003846 

39.4 

0.89 

0.1 

0.089 

0.007921 

88.65 

2.11 

0.1 

0.211 

0.044521 

157.6 

2.78 

0.1 

0.278 

0.077284 

246.25 

2.52 

0.1 

0.252 

0.063504 

354.6 

1.83 

0.1 

0.183 

0.033489 

482.65 

1.32 

0.1 

0.132 

0.017424 

630.4 

0.96 

0.1 

0.096 

0.009216 

797.85 

0.73 

0.1 

0.073 

0.005329 

9.85 

0.57 

0.1 

0.057 

0.003249 

1191.85 

0.46 

0.1 

0.046 

0.002116 
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Table  12  (Cont’d) 


Table  I2b 

Horizontal  Ductwork  (35- 1401b) 


f 

(Hz) 

V 

(g) 

T 

®T 

(g) 

3rr 

(g2) 

9.85 

0.31 

0.270059 

0.083718 

0.007009 

39.4 

0.89 

0.1 

0.089 

0.007921 

88.65 

2.11 

0.1 

0.211 

0.044521 

157.6 

2.78 

0.1 

0.278 

0.077284 

246.25 

2.52 

0.1 

0.252 

0.063504 

354.6 

1.83 

0.1 

0.183 

0.033489 

482.65 

1.32 

0.1 

0.132 

0.017424 

630.4 

0.96 

0.1 

0.096 

0.009216 

797.85 

0.73 

0.1 

0.073 

0.005329 

9.85 

0.57 

0.1 

0.057 

0.003249 

1191.85 

0.46 

0.1 

0.046 

0.002116 

Table  I2c 

Horizontal  Ductwork  (110-3201b) 

f 

V 

T 

%2 

(Hz) 

(g) 

(g) 

(g2) 

9.85 

0.31 

0.244058 

0.075658 

0.005724 

39.4 

0.89 

0.1 

0.089 

0.007921 

88.65 

2.11 

0.1 

0.211 

0.044521 

157.6 

2.78 

0.1 

0.278 

0.077284 

246.25 

2.52 

0.1 

0.252 

0.063504 

354.6 

1.83 

0.1 

0.183 

0.033489 

482.65 

1.32 

0.1 

0.132 

0.017424 

630.4 

0.96 

0.1 

0.096 

0.009216 

797.85 

0.73 

0.1 

0.073 

0.005329 

9.85 

0.57 

0.1 

0.057 

0.003249 

1191.85 

0.46 

0.1 

0.046 

0.002116 

f 

(Hz) 

V 

(g) 

Table  12d 

Exhaust  Horizontal  Ductwork  (45- 1301b  only) 

T  ay 

(g) 

*1 

(gJ) 

9.85 

0.31 

0.390059 

0.120918 

0.146214 

39.4 

0.89 

0.1 

0.089 

0.007921 

88.65 

2.11 

0.1 

0.211 

0.044521 

157.6 

2.78 

0.1 

0.278 

0.077284 

246.25 

2.52 

0.1 

0.252 

0.063504 

354.6 

1.83 

0.1 

0.183 

0.033489 

482.65 

1.32 

0.1 

0.132 

0.017424 

630.4 

0.96 

0.1 

0.096 

0.009216 

797.85 

0.73 

0.1 

0.073 

0.005329 

9.85 

0.57 

0.1 

0.057 

0.003249 

1191.85 

0.46 

0.1 

0.046 

0.002116 
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Table  12  (Con I’d) 


Table  I2e 

Exhaust  Fans  (1,2,11  &  12)  and  Attached  Ductwork 


f 

(Hz) 

V 

(g) 

T 

(g) 

(sh 

9.85 

0.31 

0.230058 

0.071318 

0.005086 

39.4 

0.89 

0.1 

0.089 

0.007921 

88.65 

2.11 

0.1 

0.211 

0.044521 

157.6 

2.78 

0.1 

0.278 

0.077284 

246.25 

2.52 

0.1 

0.252 

0.063504 

354.6 

1.83 

0.1 

0.183 

0.033489 

482.65 

1.32 

0.1 

0.132 

0.017424 

630.4 

0.96 

0.1 

0.096 

0.009216 

797.85 

0.73 

0.1 

0.073 

0.005329 

9.85 

0.57 

0.1 

0.057 

0.003249 

1191.85 

0.46 

0.1 

0.046 

0.002116 

Table  I2f 

Exhaust  Fans  (10  &  20)  and  Attached  Ductwork 

f 

V 

T 

®T 

(Hz) 

(g) 

(g) 

(g  ) 

9.85 

0.31 

0.680045 

0.210814 

0.044443 

39.4 

0.89 

0.1 

0.089 

0.007921 

88.65 

2.11 

0.1 

0.211 

0.044521 

157.6 

2.78 

0.1 

0.278 

0.077284 

246.25 

2.52 

0.1 

0.252 

0.063504 

354.6 

1.83 

0.1 

0.183 

0.033489 

482.65 

1.32 

0.1 

0.132 

0.017424 

630.4 

0.96 

0.1 

0.096 

0.009216 

797.85 

0.73 

0.1 

0.073 

0.005329 

9.85 

0.57 

0.1 

0.057 

0.003249 

1191.85 

0.46 

0.1 

0.046 

0.002116 

Table  I2g 

Fire  Protection  Pipe  (6  in.  full  pipe  support  at  the  bar  joists) 

f 

V 

T 

“t 

“T2 

(Hz) 

(g) 

(g) 

(g  ) 

9.85 

0.31 

0.200058 

0.062018 

0.003846 

39.4 

0.89 

0.1 

0.089 

0.007921 

8865 

2.11 

0.1 

0.211 

0.044521 

157.6 

2.78 

0.1 

0.278 

0.077284 

246.25 

2.52 

0.1 

0.252 

0.063504 

354.6 

1.83 

0.1 

0.183 

0.033489 

482.65 

1.32 

0.1 

0.132 

0.017424 

630.4 

0.96 

0.1 

0.096 

0.009216 

797.85 

0.73 

0.1 

0.073 

0.005329 

9.85 

0.57 

0.1 

0.057 

0.003249 

1191.85 

0.46 

0.1 

0.046 

0.002116 
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Table  13 


Ductwork  Support  Reaction  Calculations  and  Isolator  Selection 


Table  I3a 

HV  Ductwork  Support  Reactions  (Area  A  -  South  Side) 


Node 

X 

(in.) 

Y 

(in.) 

Z 

(in.) 

Length 

(in.) 

Wgt/in. 

(lb/in.) 

Wgt/ 

Sect 

(lb) 

Wgt / 

Iso 

(lb) 

No. 

of 

Iso 

Rec 

Iso 

Type 

1 

12 

114 

0 

12 

3.68 

44 

Girt 

2 

0 

114 

0 

38 

3.68 

140 

92 

2 

I 

0 

152 

0 

38 

3.68 

140 

Girt 

3 

0 

190 

0 

38 

3.68 

140 

147 

2 

H 

4 

0 

228 

0 

5 

2P' 

14 

0.5 

233 

0 

43 

L.i  1 

117 

Girt 

5 

4.8 

276 

0 

12 

2.71 

33 

i02 

2 

I 

6 

6 

288 

0 

31 

1.73 

54 

6 

319 

0 

43 

1.73 

75 

Girt 

7 

6 

362 

0 

34 

1.73 

59 

70 

2 

1 

8 

6 

396 

0 

4 

1.73 

7 

10 

396 

0 

38 

1.73 

66 

B.J. 

9 

48 

396 

0 

67 

1.73 

115 

91 

2 

F 

115 

396 

0 

67 

1.73 

115 

B.J. 

10 

181 

396 

0 

84 

1.73 

146 

130 

2 

G 

265 

396 

0 

84 

1.73 

146 

B.J. 

11 

349 

396 

0 

99 

1.73 

171 

158 

2 

G 

349 

396 

98.5 

24 

1.73 

41 

12 

349 

396 

122 

75 

2.14 

159 

B.J. 

13 

343 

432 

187 

0 

191 

3 

GGf 

14 

144 

432 

196 

37 

2.54 

94 

B.J. 

15 

181 

432 

196 

81 

2.54 

206 

150 

2 

G 

262 

432 

196 

81 

2.54 

206 

B.J. 

13 

343 

432 

196 

73 

13 

343 

432 

205 

71 

2.34 

166 

2 

2.34 

5 

16 

346 

399 

270 

69 

2.13 

147 

B.J. 

17 

346 

399 

339 

67 

2.13 

142 

147 

2 

G 

346 

399 

405.5 

67 

2.13 

142 

B.J. 

18 

346 

399 

472 

67 

2.13 

143 

142 

2 

G 

346 

399 

539 

67 

2.13 

143 

B.J. 

19 

346 

399 

606 

130 

3 

pG 

G  F 

20 

12 

114 

612 

12 

2.93 

35 

Girt 

21 

0 

114 

612 

38 

2.93 

111 

73 

2 

i 

0 

152 

612 

38 

2.93 

111 

Girt 

22 

0 

190 

612 

38 

2.93 

111 

117 

) 

i 

0 

228 

612 

5 

2.29 

11 

23 

0.4 

233 

612 

43 

2.29 

99 

Girt 

24 

4 

276 

612 

12 

2.29 

28 

89 

2 

i 

25 

5 

288 

612 

31 

1.66 

51 

5 

319 

612 

43 

1.66 

71 

Girt 

26 

5 

362 

612 

33 

1.66 

55 

67 

2 

i 

27 

5 

395 

612 

5 

1.66 

8 

10 

395 

612 

38 

1.66 

63 

B.J. 

28 

48 

395 

612 

67 

1.66 

110 

87 

2 

F 

115 

395 

612 

67 

1.66 

110 

B.J. 

29 

181 

395 

612 

84 

1.66 

138 

124 

2 

G 

265 

395 

612 

82 

1.66 

135 

227 


Table  13  iCont'd) 


B.J. 

19 

346 

395 

612 

19 

346 

395 

618 

46 

1.68 

77 

30 

350 

394 

664 

28 

1.22 

33 

350 

394 

691.5 

74 

1.22 

89 

B.J. 

31 

350 

394 

765 

74 

1.22 

89 

89 

2 

F 

350 

394 

838.5 

74 

1.22 

89 

B.J. 

32 

350 

394 

912 

16 

1.22 

19 

69 

2 

F 

33 

350 

394 

928 

24 

1.22 

29 

326 

394 

928 

39 

1.22 

47 

B.J. 

34 

287 

394 

928 

15 

1.22 

18 

38 

2 

F 

35 

272 

394 

928 

9 

1.22 

10 

272 

385.5 

928 

24 

1.22 

29 

Girt 

36 

272 

362 

928 

43 

1.22 

52 

40 

2 

J 

272 

319 

928 

31 

1.22 

38 

37 

272 

288 

928 

12 

1.48 

18 

Girt 

38 

272 

276 

928.8 

43 

1.48 

64 

60 

2 

1 

272 

233 

931.7 

5 

1  48 

7 

39 

272 

228 

932 

38 

1.73 

66 

Girt 

40 

272 

190 

932 

38 

1.73 

66 

70 

2 

1 

272 

152 

932 

38 

1.73 

66 

Girt 

41 

272 

114 

932 

12 

1.73 

21 

43 

2 

J 

42 

272 

114 

920 

Node 

X 

On.) 

Table  13b 

HV  Ductwork  Support  Reactions  (Area  A  -  North  Side) 

WgO  WgU 

Y  /.  Length  Wgt/in.  Sect  Iso 

(in.)  (in.)  (in.)  (Ib/tn.)  (lb)  (lb) 

No. 

of 

Iso 

Rec 

Iso 

Type 

l 

12 

114 

0 

12 

3.68 

44 

Gi-t 

2 

0 

114 

0 

38 

3.68 

140 

92 

2 

1 

0 

152 

0 

38 

3.68 

140 

Girt 

3 

0 

190 

0 

38 

3.68 

140 

147 

2 

H 

4 

0 

228 

0 

5 

2.71 

14 

0  5 

233 

0 

43 

2.71 

117 

Girt 

5 

4  8 

276 

0 

12 

2.71 

33 

102 

2 

1 

6 

6 

288 

0 

31 

1.73 

.54 

6 

319 

0 

43 

1.73 

75 

Girt 

7 

6 

362 

0 

34 

1.73 

59 

70 

2 

1 

8 

6 

396 

0 

4 

1.73 

7 

10 

396 

0 

38 

1.73 

66 

B.J. 

9 

48 

396 

0 

67 

1.73 

115 

91 

2 

F 

115 

396 

0 

67 

1.73 

115 

B  J 

10 

181 

396 

0 

84 

1.73 

146 

130 

2 

G 

265 

396 

0 

84 

1.73 

146 

B.J. 

11 

349 

396 

0 

99 

1.73 

171 

158 

2 

G 

349 

396 

98.5 

24 

1.73 

41 

12 

349 

396 

122 

7.6 

2.14 

159 

B  J 

13 

343 

4.32 

187 

0 

191 

3 

G(V 

14 

144 

432 

196 

37 

2.54 

94 

B.J. 

15 

181 

432 

196 

81 

2.54 

206 

150 

2 

G 

262 

4.32 

196 

81 

2.54 

206 

B.J. 

13 

343 

432 

196 

73 

13 

343 

432 

205 

71 

2.34 

166 

2 

2.34 

5 

16 

346 

399 

270 

69 

2.13 

147 

Table  13  (Cool'd) 


B.J. 

17 

346 

399 

339 

67 

2.13 

142 

147 

2 

G 

346 

399 

405.5 

67 

2.13 

142 

B.J. 

18 

346 

399 

472 

67 

2.13 

143 

142 

2 

G 

346 

399 

539 

67 

2.13 

143 

pG 

G  F 

B.J. 

19 

346 

399 

606 

130 

3 

20 

12 

114 

612 

12 

2.93 

35 

Girt 

21 

0 

114 

612 

44 

2.93 

129 

82 

2 

i 

0 

158 

612 

44 

2.93 

129 

Girt 

22 

0 

202 

612 

26 

2.93 

76 

105 

2 

i 

0 

228 

612 

3 

2.29 

6 

0.4 

231 

612 

66 

Girt 

24 

4 

259 

612 

29 

2.29 

66 

78 

2 

i 

25 

5 

288 

612 

14 

1.66 

23 

5 

302 

612 

43 

1.66 

71 

Girt 

26 

5 

345 

612 

50 

1.66 

83 

81 

2 

i 

27 

5 

395 

612 

5 

1.66 

8 

10 

395 

612 

38 

1.66 

63 

B.J. 

28 

48 

395 

612 

67 

1.66 

110 

87 

2 

F 

115 

395 

612 

67 

1.66 

110 

B.J. 

29 

’81 

395 

612 

84 

1.66 

138 

124 

2 

G 

265 

395 

612 

82 

1.66 

135 

B.J. 

19 

346 

395 

612 

19 

346 

395 

618 

46 

1.68 

77 

30 

350 

394 

664 

28 

1.22 

33 

350 

394 

691.5 

74 

1.22 

89 

B.J. 

31 

350 

394 

765 

74 

1.22 

89 

89 

2 

F 

350 

394 

838.5 

74 

1.22 

89 

B.J. 

32 

350 

394 

912 

16 

1.22 

19 

69 

2 

F 

33 

350 

394 

928 

24 

1.22 

29 

326 

394 

928 

39 

1.22 

47 

B.J. 

34 

287 

394 

928 

15 

1.22 

18 

38 

2 

F 

35 

272 

394 

928 

9 

1.22 

10 

272 

385.5 

928 

24 

1.22 

29 

Girt 

36 

272 

362 

928 

43 

1.22 

52 

40 

2 

J 

272 

319 

928 

31 

1.22 

38 

37 

272 

288 

928 

12 

1.48 

18 

Girt 

38 

272 

276 

928.8 

43 

1.48 

64 

60 

2 

1 

272 

233 

931.7 

5 

1.48 

7 

39 

272 

228 

932 

38 

1.73 

66 

Girt 

40 

272 

190 

932 

38 

1.73 

66 

70 

2 

1 

272 

152 

932 

38 

1.73 

66 

Girt 

41 

/72 

114 

932 

12 

1.73 

21 

43 

2 

J 

42 

272 

114 

920 

229 


Table  13  (Cont'd) 


Table  I3c 

EF-3  &  13  Fan  and  Duct  (Area  A  -  North  Side) 


Node 

X 

(in.) 

Y 

(in.) 

Z 

(in.) 

Length 

(in.) 

Wgt/in. 

(lb/in.) 

Wgt/ 

Sect 

(lb) 

Wgt/ 

Iso 

(lb) 

No. 

of 

Iso 

Rec 

Iso 

Type 

Floor 

1 

0 

2 

0 

20 

2 

0 

52.5 

0 

50.5 

0.78 

40 

Girt 

2 

0 

103 

0 

50.5 

0.78 

40 

38 

2 

J 

0 

149.5 

0 

46.5 

0.78 

36 

Girt 

3 

0 

196 

0 

46.5 

0.78 

36 

32 

2 

J 

4 

0 

228 

0 

32.0 

0.78 

25 

0 

224.5 

0 

3.5 

0.78 

3 

Girt 

5 

0 

253 

0 

28.5 

0.78 

22 

28 

2 

J 

6 

0 

288 

0 

35.0 

0.78 

27 

0 

296 

0 

8.0 

0.78 

6 

Girt 

7 

0 

339 

0 

43.0 

0.78 

34 

34 

2 

J 

0 

382 

0 

43.0 

0.78 

34 

Girt 

8 

0 

425 

0 

43.0 

0.78 

34 

33 

2 

J 

9 

0 

443 

0 

18.0 

0.78 

14 

23 

443 

0 

23.0 

0.78 

18 

B.J. 

10 

64 

443 

0 

41.0 

0.78 

32 

42 

2 

J 

11 

80 

443 

0 

16.0 

0.78 

13 

12 

80 

484 

0 

41.0 

0.98 

40 

Fan  on 

Min. 

26 

4 

B.J. 

Max. 

30 

4 

J 

Node 

X 

(in) 

Table  I3d 

EF-4  &  14  Fan  and  Duct  (Area  A  - 

Y  Z  Length  Wgt/in 

(in)  (in.)  (in.)  (lb/in.) 

South  Side) 

Wgt/  Wgt/ 

Sect  Iso 

(lb.)  (lb.) 

No 

of 

Iso 

Rec 

Iso 

Type 

Floor 

1 

0 

2 

0 

20 

2 

0 

52.5 

0 

50.5 

0.78 

40 

Girt 

2 

0 

103 

0 

50.5 

0.78 

40 

37 

2 

J 

0 

146.5 

0 

43.5 

0.78 

34 

Girt 

3 

0 

190 

0 

43.5 

0.78 

34 

34 

2 

J 

4 

0 

228 

0 

38.0 

0.78 

30 

0 

233 

0 

5.0 

0.78 

4 

Girt 

5 

0 

276 

0 

43.0 

0.78 

34 

34 

2 

J 

6 

0 

288 

0 

12.0 

0.78 

9 

0 

319 

0 

31.0 

0.78 

24 

Girt 

7 

0 

362 

0 

43.C 

0.78 

34 

31 

2 

J 

0 

398 

0 

36.0 

0.78 

28 

Girt 

8 

0 

434 

0 

36.0 

0.78 

28 

29 

2 

J 

9 

0 

447 

0 

13.0 

0.78 

10 

26 

447 

0 

26.0 

0.78 

20 

B.J. 

10 

64 

447 

0 

38.0 

0.78 

30 

39 

2 

J 

11 

80 

447 

0 

16.0 

0.78 

13 

12 

80 

484 

0 

37.0 

0.98 

36 

Fan  on 

Min. 

26 

4 

B.J. 

Max. 

30 

4 

J 

230 


Table  13  (Cont'd) 


Table  I3e 

EF-S  &  15  Fan  and  Duct  (Area  A  -  North  Side) 


Node 

X 

(in) 

Y 

(in) 

Z 

(in.) 

Length 

(in.) 

Wgt/in 

(lb/in.) 

Wgt/ 

Sect 

(lb.) 

Wgt/ 

Iso 

(lb.) 

No 

of 

Iso 

Rec 

Iso 

Type 

Floor 

1 

0 

2 

0 

65 

2 

0 

52.5 

0 

50.5 

2.58 

130 

Girt 

2 

0 

103 

0 

50.5 

2.58 

130 

103 

2 

I 

0 

132 

0 

29.0 

2.58 

75 

Girt 

3 

0 

161 

0 

29.0 

2.58 

75 

82 

2 

I 

0 

195.5 

0 

34.5 

2.58 

89 

4 

0 

228 

0 

32.5 

2.58 

84 

Girt 

5 

0.1 

230 

0 

2.0 

2.16 

4 

80 

2 

I 

2.3 

263 

0 

33.1 

2.16 

71 

6 

4 

288 

0 

25.1 

2.16 

54 

Girt 

7 

4 

296 

0 

8.0 

1.73 

14 

63 

2 

I 

4 

329 

0 

33.0 

1.73 

57 

Girt 

8 

4 

362 

0 

33.0 

1.73 

57 

68 

2 

I 

4 

407 

0 

45.0 

1.73 

78 

Girt 

9 

4 

452 

0 

45.0 

1.73 

78 

77 

2 

I 

10 

4 

484 

0 

32.0 

1.73 

55 

16 

484 

0 

12.0 

1.73 

21 

B.J. 

11 

60 

484 

0 

44.0 

1.73 

76 

122 

2 

I 

12 

85 

484 

0 

25.0 

1.73 

43 

13 

85 

540 

0 

56.0 

2.21 

124 

Fan  on 

Min. 

90 

4 

B.J. 

Mm. 

100 

4 

I 

Node 

X 

(in) 

Table  I3f 

EF-8  &  18  Fan  and  Duct  (Area  A  - 

Y  Z  Length  Wgt/in 

(in)  (in.)  (in.)  (Ib/in.) 

South  Side) 

Wgt/  Wgt/ 

Sect  Iso 

(lb.)  (lb.) 

No 

of 

Iso 

Rec 

Iso 

Type 

Floor 

1 

0 

2 

0 

65 

2 

0 

52.5 

0 

50.5 

2.58 

130 

Girt 

2 

0 

103 

0 

50.5 

2.58 

130 

121 

2 

I 

0 

146.5 

0 

43.5 

2.58 

112 

Girt 

3 

0 

190 

0 

43.5 

2.58 

112 

111 

2 

I 

4 

0 

228 

0 

38.0 

2.58 

98 

0 

233 

0 

5.0 

2.16 

11 

Girt 

5 

3.2 

276 

0 

43.1 

2.16 

93 

86 

2 

I 

6 

4 

288 

0 

12.0 

2.16 

26 

4 

319 

0 

31.0 

1.73 

54 

Girt 

7 

4 

362 

0 

43.0 

1.73 

75 

76 

2 

I 

4 

407 

0 

45.0 

1.73 

78 

Girt 

8 

4 

452 

0 

45.0 

1.73 

78 

77 

2 

I 

9 

4 

484 

0 

32.0 

1.73 

55 

16 

484 

0 

12.0 

1.73 

21 

B.J. 

10 

60 

484 

0 

44.0 

1.73 

76 

122 

2 

I 

11 

85 

484 

0 

25.0 

1.73 

43 

12 

85 

540 

0 

56.0 

2.21 

124 

Fan  on 

Min. 

90 

4 

B.J. 

Max. 

100 

4 

I 

231 


Table  13  (Cont'd) 


Table  I3g 

EF-6,7,16  &  17  Fan  and  Duct 


Node 

X 

(in) 

Y 

(in) 

Z 

(in.) 

Length 

(in.) 

Wgt/in 

(lb/in.) 

Wgt/ 

Sect 

(lb.) 

Wgt/ 

Iso 

(lb.) 

No 

of 

Iso 

Rec 

Iso 

Type 

Floor 

1 

0 

2 

0 

65 

2 

0 

52.5 

0 

50.5 

2.58 

130 

Gut 

2 

0 

103 

0 

50.5 

2.58 

130 

121 

2 

I 

0 

146.5 

0 

43.5 

2.58 

112 

Girt 

3 

0 

190 

0 

43.5 

2.58 

112 

111 

2 

1 

4 

0 

228 

0 

38.0 

2.58 

98 

0.3 

233 

0 

5.0 

2.16 

11 

Girt 

5 

3.2 

276 

0 

43.1 

2.16 

93 

86 

2 

I 

6 

4 

288 

0 

12.0 

2.16 

26 

4 

319 

0 

31.0 

1.73 

54 

Girt 

7 

4 

362 

0 

43.0 

1.73 

75 

75 

2 

I 

8 

4 

406 

0 

44.0 

1.73 

76 

B.J. 

9 

48 

406 

0 

44.0 

1.73 

76 

117 

2 

1 

10 

73 

406 

0 

25.0 

1.73 

43 

11 

73 

458 

0 

52.0 

2.21 

115 

Fan  on 

Min. 

90 

4 

B.J. 

Max. 

100 

4 

1 

Node 

X 

(in) 

Y 

(in) 

Table  I3h 

EF-9  &  19  Fan  and  Duct 

Wgt/ 

Z  Length  Wgt/in  Sect 

(in.)  (in.)  (lb/in.)  (lb.) 

Wgt/ 

Iso 

(lb) 

No 

of 

Iso 

Rec 

Iso 

Type 

Floor 

1 

20 

2 

102 

19 

2 

20 

52.5 

102 

50.5 

0.73 

37 

Girt 

2 

20 

103 

102 

50.5 

0.73 

37 

34 

2 

J 

20 

146.5 

102 

43.5 

0.73 

32 

Girt 

3 

20 

190 

102 

43.5 

0.73 

32 

32 

2 

J 

4 

20 

228 

10' 

38.0 

0.73 

28 

20 

233 

10. 

5.0 

0.73 

4 

Girt 

5 

20 

276 

102 

43.0 

0.73 

32 

32 

2 

J 

6 

20 

288 

102 

12.0 

0.73 

9 

20 

319 

102 

31.0 

0.73 

23 

Girt 

7 

20 

362 

102 

43.0 

0.73 

32 

32 

2 

J 

8 

20 

397 

102 

35.0 

0.73 

26 

20 

397 

92 

10.0 

0.73 

7 

B.J. 

9 

20 

397 

46 

46.0 

0.73 

34 

33 

2 

J 

20 

397 

1 

45.0 

0.73 

33 

10 

20 

397 

0 

1.0 

0.73 

1 

B.J. 

11 

64 

397 

0 

44.0 

0.73 

32 

52 

2 

I 

12 

80 

397 

0 

16.0 

0.73 

15 

13 

80 

456 

0 

59.0 

0.95 

56 

Fan  on 

Min. 

25 

4 

B.J. 

Max. 

30 

4 

J 

232 


Table  13  (Cont’d) 


Table  I3i 

EF-10  &  20  Fan  and  Duct 


Wgt/ 

Wgt / 

No 

Rec 

Node 

X 

Y 

Z 

Length 

Wgt/in 

Sect 

Iso 

of 

Iso 

(in) 

(in) 

(in.) 

(in.) 

(lb/in.) 

(lb.) 

(lb.) 

Iso 

Type 

Floor 

1 

0 

2 

0 

17 

2 

0 

52.5 

0 

50.5 

0  68 

34 

Girt 

2 

0 

103 

0 

50.5 

0.68 

34 

32 

2 

J 

0 

146.5 

0 

43.5 

0.68 

29 

Girt 

3 

0 

190 

0 

43.5 

0.68 

29 

29 

2 

J 

4 

0 

228 

0 

38.0 

0.68 

26 

0 

233 

0 

5.0 

0.68 

3 

Girt 

5 

0 

276 

0 

43.0 

0.68 

29 

29 

2 

J 

6 

0 

288 

0 

12.0 

0.68 

8 

0 

319 

0 

31.0 

0.68 

21 

Girt 

7 

0 

362 

0 

43.0 

0.68 

29 

27 

2 

J 

0 

398 

0 

36.0 

0.68 

24 

Girt 

8 

0 

434 

0 

36.0 

0.68 

24 

24 

2 

J 

0 

470 

0 

36.0 

0.68 

24 

Girt 

9 

0 

506 

0 

36.0 

0.68 

24 

26 

2 

J 

10 

0 

525 

0 

19.0 

0.68 

13 

22 

525 

0 

22.0 

0.68 

15 

B.J. 

11 

64 

525 

0 

42.0 

0.68 

28 

38 

2 

J 

12 

80 

525 

0 

16.0 

0.68 

11 

13 

80 

568 

0 

43.0 

0.87 

37 

Fan  on 

Min. 

7 

4 

B.J. 

Max. 

26 

4 

S 

Table  I3j 

EF-3 1  Fan  and  Duct  (Area  A  -  South  Side) 

Wgt/ 

Wgt/ 

No 

Rec 

Node 

X 

Y 

z 

Length 

Wgt/in 

Sect 

Iso 

of 

Iso 

(in) 

(in) 

(in.) 

(in.) 

(lb/in.) 

(lb.) 

(lb.) 

Iso 

Type 

Floor 

1 

0 

2 

0 

17 

2 

0 

52.5 

0 

50.5 

0.68 

34 

Girt 

2 

0 

103 

0 

50.5 

0.68 

34 

32 

2 

J 

0 

146.5 

0 

43.5 

0.68 

29 

Girt 

3 

0 

190 

0 

43.5 

0.68 

29 

29 

2 

J 

4 

0 

228 

0 

38.0 

0.68 

26 

0 

233 

0 

5.0 

0.68 

3 

Girt 

5 

0 

276 

0 

43.0 

0.68 

29 

29 

2 

J 

6 

0 

288 

0 

12.0 

0.68 

8 

0 

319 

0 

31.0 

0.68 

21 

Girt 

7 

0 

362 

0 

43.0 

0.68 

29 

27 

2 

J 

0 

398 

0 

36.0 

0.68 

24 

Girt 

8 

0 

434 

0 

36.0 

0.68 

24 

24 

2 

J 

0 

470 

0 

36.0 

0.68 

24 

Girt 

9 

0 

506 

0 

36.0 

0.68 

24 

27 

2 

J 

10 

0 

526 

0 

20.0 

0.68 

14 

23 

526 

0 

23.0 

0.68 

16 

B.J. 

11 

66 

526 

0 

43.0 

0.68 

29 

34 

2 

J 

12 

77 

526 

0 

11.0 

0.68 

7 

13 

77 

567 

0 

41.0 

0.76 

31 

Fan  on 

Min. 

25 

4 

B.J. 

Max. 

30 

4 

J 

233 


Table  13  (Coat'd) 


Table  I3k 

EF-32  Fan  and  Duct  (Area  C  -  South  Side) 


Node 

X 

(in) 

Y 

(in) 

Z 

(in.) 

Length 

(in.) 

Wgt/in 

(lb/in.) 

Wgt / 

Sect 

(lb.) 

Wgt/ 

Iso 

(lb.) 

No 

of 

Iso 

Rec 

Iso 

Type 

Floor 

1 

0 

2 

0 

14 

2 

0 

52.5 

0 

50.5 

0.57 

29 

Girt 

2 

0 

103 

0 

50.5 

0.57 

29 

27 

2 

J 

0 

146.5 

0 

43.5 

0.57 

25 

Girt 

3 

0 

190 

0 

43.5 

0.57 

25 

25 

2 

J 

4 

0 

228 

0 

38.0 

0.57 

22 

0 

233 

0 

5.0 

0.57 

3 

Girt 

5 

0 

276 

0 

43.0 

0.57 

24 

24 

2 

J 

6 

0 

288 

0 

12.0 

0.57 

7 

0 

319 

0 

31.0 

0.57 

18 

Girt 

7 

0 

362 

0 

43.0 

057 

24 

22 

2 

J 

0 

398 

0 

36.0 

0.57 

20 

Girt 

8 

0 

434 

0 

36.0 

0.57 

20 

20 

2 

J 

0 

470 

0 

36.0 

0.57 

20 

Girt 

9 

0 

506 

0 

36.0 

057 

20 

22 

2 

J 

10 

0 

526 

0 

20.0 

0.57 

11 

23 

526 

0 

23.0 

057 

13 

B.J. 

11 

66 

526 

0 

43.0 

057 

24 

30 

2 

J 

12 

77 

526 

0 

11.0 

057 

6 

13 

77 

567 

0 

41.0 

0.70 

29 

Fan  on 

Min. 

25 

4 

B.J. 

Max. 

30 

4 

J 

Node 

X 

(in) 

Y 

(in) 

Z 

(in.) 

Table  131 

EF-29  &  30  Duct 

Length  Wgt/in 
(in.)  (Ib/in.) 

Wgt/ 

Sect 

(lb.) 

Wgt/ 

Iso 

(lb.) 

No 

of 

Iso 

Rec 

Iso 

Type 

Valve 

Room 

1 

0 

156 

0 

Roof 

0 

193 

0 

37.0 

0.52 

19 

Girt 

2 

0 

230 

0 

37.0 

052 

19 

18 

2 

J 

0 

263 

0 

33.0 

0.52 

17 

Girt 

3 

0 

296 

0 

33.0 

052 

17 

17 

2 

J 

0 

329 

0 

33.0 

0.52 

17 

Girt 

5 

0 

362 

0 

33.0 

0.52 

17 

20 

2 

J 

0 

407 

0 

45.0 

052 

23 

Girt 

6 

0 

452 

0 

45.0 

0.52 

23 

21 

2 

J 

0 

488 

0 

36.0 

052 

19 

Girt  @ 

Roof 

7 

0 

524 

0 

36.0 

0.52 

19 

19 

2 

J 

Top  of 

Duct 

8 

0 

560 

0 

36.0 

052 

19 

234 


Table  14 


Effective  Acceleration  Calculations  for  Each  Modal 
Contribution  for  Equipment  Supported  by  the  Wall  Girts 


Table  I4a 

Vertical  Ductwork  (110-1601b) 


f 

(Hz) 

"$> 

T 

®T 

(8) 

^2 

(g2) 

11 

0.66 

0.225058 

0.148538 

0.022064 

44 

1.8 

0.1 

0.18 

0.0324 

99 

3.95 

0.1 

0.395 

0.156025 

176 

4.91 

0.1 

0.491 

0.241081 

275 

3.88 

0.1 

0.388 

0.150544 

396 

2.8 

0.1 

0.28 

0.0784 

539 

1.96 

0.1 

0.196 

0.038416 

704 

1.43 

0.1 

0.143 

0.020449 

891 

1.09 

0.1 

0.109 

0.011881 

1100 

0.85 

0.1 

0.085 

0.007225 

Table  I4b 

Vertical  Ductwork  (40-1351b) 


f 

(Hz) 

ft 

T 

“t 

(g) 

a  2 

(g2) 

11 

0.66 

0.340059 

0.224439 

0.050373 

44 

1.8 

0.1 

0.18 

0.0324 

99 

3.95 

0.1 

0.395 

0.156025 

176 

4.91 

0.1 

0.491 

0.241081 

275 

3.88 

0.1 

0.388 

0.150544 

396 

2.8 

0.1 

0.28 

0.0784 

539 

1.96 

0.1 

0.196 

0.038416 

704 

1.43 

0.1 

0.143 

0.020449 

891 

1.09 

0.1 

0.109 

0.011881 

1100 

0.85 

0.1 

0.085 

0.007225 

Table  I4c 

Vertical  Ductwork  (17-501b) 

f 

V 

T  St 

(Hz) 

(g) 

(g) 

(g2) 

11 

0.66 

0.310059 

0.204639 

0.041877 

44 

1.8 

0.1 

0.18 

0.0324 

99 

3.95 

0.1 

0.395 

0.156025 

176 

4.91 

0.1 

0.491 

0.241081 

275 

3.88 

0.1 

0.388 

0.150544 

396 

2.8 

0.1 

0.28 

0.0784 

539 

1.96 

0.1 

0.196 

0.038416 

704 

1.43 

0.1 

0.143 

0.020449 

891 

1.09 

0.1 

0.109 

0.011881 

1100 

0.85 

0.1 

0.085 

0.007225 

235 


Table  I4d 

Hot  Water  and  Heating  Pipes  (95-1251b) 


f 

(Hz) 

"S) 

T 

®T 

(g) 

(g2) 

11 

0.66 

0.200058 

0.132038 

0.017434 

44 

1.8 

0.1 

0.18 

0.0324 

99 

3.95 

0.1 

0.395 

0.156025 

176 

4.91 

0.1 

0.491 

0.241081 

275 

3.88 

0.1 

0.388 

0.150544 

396 

2.8 

0.1 

0.28 

0.0784 

539 

1.96 

0.1 

0.196 

0.038416 

704 

1.43 

0.1 

0.143 

0.020449 

891 

1.09 

0.1 

0.109 

0.011881 

1100 

0.85 

0.1 

0.085 

0.007225 

f 

(Hz) 

U 

Table  I4e 

Vertical  Fire  Protection  Pipe 

T  ar 

(g) 

aT2 

(g2) 

11 

0.66 

0.380059 

0.250839 

0.06292 

44 

1.8 

0.1 

0.18 

0.0324 

99 

3.95 

0.1 

0.395 

0.156025 

176 

4.91 

0.1 

0.491 

0.241081 

275 

3.88 

0.1 

0.388 

0.150544 

396 

2.8 

0.1 

0.28 

0.0784 

539 

1.96 

0.1 

0.196 

0.038416 

704 

1.43 

0.1 

0.143 

0.020449 

891 

1.09 

0.1 

0.109 

0.011881 

1100 

0.85 

0.1 

0.085 

0.007225 

f 

(Hz) 

% 

Table  14f 

Beakon  Fire  Protection  Lighting 

T 

(g) 

aT2 

(g2) 

11 

0.66 

0.265059 

0.174939 

0.030604 

44 

1.8 

0.1 

0.18 

0.0324 

99 

3.95 

0.1 

0.395 

0.156025 

176 

4.91 

0.1 

0.491 

0.241081 

275 

3.88 

0.1 

0.388 

0.150544 

396 

2.8 

0.1 

0.28 

0.0784 

539 

1.96 

0.1 

0.196 

0.038416 

704 

1.43 

0.1 

0.143 

0.020449 

891 

1.09 

0.1 

0.109 

0.011881 

1100 

0.85 

0.1 

0.085 

0.007225 

236 


Table  15 


Steam  and  Condensate  Pipe  Support  Reactions  Calculations 


Table  15a 


10  in.  Steam  Pipe  Support  Reactions 


Vertical  (V) 


Node 

X 

(in) 

Y 

(in) 

Length 

(in) 

Tributary 

Length 

(in) 

Weight/ft 

(lb/ft) 

Weight/ 

Isolator 

(lb) 

Guided  (G)  or 
Anchor  (A) 

2 

6 

0 

42 

G 

4 

48 

0 

180 

111 

40.48 

374 

V 

13 

228 

0 

228 

204 

40.48 

688 

A 

Max.A 

25 

456 

0 

199.5 

213.75 

40.48 

180 

G 

Max.G 

35 

656 

0 

193.5 

196.5 

40.48 

663 

V 

44 

849 

0 

205.5 

199.5 

40.48 

168 

G 

54 

1055 

0 

193.5 

199.5 

40.48 

673 

V 

63 

1248 

0 

114 

153.75 

40.48 

130 

G 

Min.G 

70 

1362 

0 

114 

114 

40.48 

385 

V 

77 

1434 

42 

249 

181.5 

40.48 

612 

V 

89 

1434 

291 

169 

209 

40.48 

705 

V 

98 

1531 

363 

310 

239.5 

40.48 

808 

V 

Max.V 

Node 

X 

(in) 

Y 

(in) 

Length 

(in) 

Table  I5b 

6  in.  Condensate  Pipe  Support  Reactions 

Tributary 

Length  Weight/ft 

(in)  (lb/ft) 

Weight/ 

Isolator 

(lb) 

Vertical  (V) 

Guided  (G)  or 
Anchor  (A) 

2 

60 

42 

G 

80 

111 

39.87 

369 

V  Min.V 

13 

228 

0 

228 

204 

39.87 

678 

A 

25 

456 

0 

199.5 

213.75 

39.87 

178 

G 

35 

656 

0 

193.5 

196.5 

39.87 

653 

V 

44 

849 

0 

205.5 

199.5 

39.87 

166 

G 

54 

1055 

0 

193.5 

199.5 

39.87 

663 

V 

63 

1248 

0 

186 

189.75 

39.87 

158 

G 

73 

1434 

0 

134 

160 

39.87 

532 

V 

81 

1506 

62 

212 

173 

39.87 

575 

V 

91 

1506 

274 

144 

178 

39.87 

591 

V 

99 

1578 

346 

216 

180 

39.87 

598 

V 

111 

1794 

346 
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Table  16 


Pipe  Weight  and  Frequency  Calculations 


Table  l-6a 

Pipe  Weight  and  Frequency  Calculations 


Member 

Spec. 

1 

(in4) 

Wgt/ft 

(lb/ft) 

Length 

(in) 

k 

(lb/in) 

Eff  Mass 
(lbs/in) 

f 

(Hz) 

React 

(lb) 

Wgt/iso 

(lb) 

Steam  &  Condensate 

10"  Sch  40 

161 

40.48 

310 

7782 

1.691 

10.8 

1046 

523 

Steam 

161 

40.48 

249 

15017 

1.359 

16.7 

840 

420 

161 

40.48 

205.5 

26715 

1.121 

24.6 

693 

347 

161 

40.48 

180 

39753 

0.982 

32.0 

607 

304 

4”  Steam 

7.23 

10.79 

144 

3487 

0.209 

20.5 

129 

65 

Supply 

7.23 

10.79 

90 

14281 

0.131 

52.6 

81 

40 

7.23 

10.79 

132 

4527 

0.192 

24.4 

119 

59 

6"  Sch  80 

40.5 

39.87 

216 

5787 

1.161 

11.2 

718 

359 

Condensate 

40.5 

39.87 

206 

6671 

1.107 

12.4 

684 

342 

40.5 

39.87 

194 

7988 

1.043 

13.9 

645 

322 

40.5 

39.87 

180 

10000 

0.967 

16.2 

598 

299 

2"  Cond 

0.666 

5.1 

144 

321 

0.099 

9.1 

61 

31 

Return 

0.666 

5.1 

84 

1618 

0.058 

26.6 

36 

18 

Heating/Hot  Water 

6"  HWR 

28.1 

31.49 

144 

13551 

0.611 

23.7 

378 

189 

28.1 

31.49 

133 

17199 

0.565 

27.8 

349 

175 

28.1 

31.49 

96 

45736 

0.407 

53.3 

252 

126 

Vertical 

28.1 

31.49 

90 

55506 

0.382 

60.7 

236 

118 

4"  HW 

7.23 

16.31 

144 

3487 

0.317 

16.7 

196 

98 

7.23 

16.31 

133 

4425 

0.292 

19.6 

181 

90 

7.23 

16.31 

96 

11768 

0.211 

37.6 

130 

65 

Vertical 

7.23 

16.31 

180 

1785 

0.396 

10.7 

245 

122 

7.23 

16.31 

90 

14281 

0.198 

42.8 

122 

61 

Catwalk 

7.23 

16.31 

108 

8265 

0.237 

29.7 

147 

73 

2"  HW 

0.666 

5.1 

180 

164 

0.124 

5.8 

77 

38 

Vertical 

0.666 

5.1 

90 

1316 

0.062 

23.2 

38 

19 

Fire  Protection  Overhead  Sprinkler  Pipe 
Vertical  Pipe 

Empty  6”  28.1  18.97 

48 

365885 

0.123 

274.8 

76 

38 

Empty  6" 

28.1 

18.97 

120 

23417 

0.307 

44.0 

190 

95 

Full  6” 

28.1 

31.49 

120 

23417 

0.509 

34.1 

315 

157 

Horizontal  Pipe 

Empty  6" 

28.1 

18.97 

96 

45736 

0.245 

68.7 

152 

76 

Empty  6" 

28.1 

18.97 

144 

13551 

0.368 

30.5 

228 

114 

Full  6" 

28.1 

31.49 

144 

13551 

0.611 

23.7 

378 

189 

Empty  4" 

7.23 

10.79 

120 

6025 

0.175 

29.6 

108 

54 

Full  4" 

7.23 

16.31 

120 

6025 

0.264 

24.1 

163 

82 

238 


Table  I6a  (cont’d) 

Pipe  Weight  and  Frequency  Calculations 


Member 

Spec. 

I 

(in4) 

Wgt/ft 

(lb/ft) 

Length 

(in) 

k 

(lb/in) 

Eff  Mass 
(lbs/in) 

f 

(Hz) 

React 

(lb) 

Wgt/iso 

(lb) 

Empty 

3" 

3.02 

7.58 

120 

2517 

0.123 

22.8 

76 

38 

Full 

3" 

3.02 

10.78 

120 

2517 

0.174 

19.1 

108 

54 

Empty 

2.5" 

1.53 

5.79 

120 

1275 

0.094 

18.6 

58 

29 

Full 

2.5" 

1.53 

7.86 

120 

1275 

0.127 

15.9 

79 

39 

Fire  Protection  Oscillating  Monitor  Pipe 

Horizontal  Pipe 

Full 

6" 

28.1 

31.49 

132 

17593 

0.560 

28.2 

346 

173 

Full 

6" 

28.1 

31.49 

168 

8534 

0.713 

17.4 

441 

220 

Full 

4" 

7.23 

16.31 

84 

17566 

0.185 

49.1 

114 

57 

Full 

4" 

7.23 

16.31 

168 

2196 

0.369 

12.3 

228 

114 

Vertical  Pipe 

Full 

6" 

28.1 

31.49 

54 

256973 

0.229 

168.5 

142 

71 

Full 

6" 

28.1 

31.49 

90 

55506 

0.382 

60.7 

236 

118 

Horizontal  Pipe  Over  the  Rear  Hangar  Door 

Full 

6" 

28.1 

31.49 

90 

55506 

0.382 

60.7 

236 

118 

Full 

6" 

28.1 

31.49 

144 

13551 

0.611 

23.7 

378 

189 

Nominal 

Size 

Outside  Dia 
(in.) 

Table  I6b 
Weight  of  Pipes 

inside  Dia 
(in.) 

Empty 

Weight 

(lb.) 

Full 

Weight 

(lb.) 

10 

10.75 

10.02 

40.48 

74.65 

Sch  80 

6 

6.625 

5.761 

28.57 

39.87 

Sch  40 

6.625 

6.065 

18.97 

31.49 

4 

4.5 

4.026 

10.79 

16.31 

3 

3.5 

3.068 

7.58 

10.78 

2.5 

2.875 

2.469 

5.79 

7.86 

2 

2.375 

2.067 

3.65 

5.10 

239 


Table  17 


Effective  Acceleration  Calculations  for  Each  Modal 
Contribution  for  Equipment  Supported  by  the  Roof  Truss 


Table  17a 


f 

(Hz) 

Bar 

Joist 

16 

Steam  and  Condensate  Pipe  Guided  Supports 

Roof 

Truss 

V  T  aT 

(g)  (g) 

a  2 

UT 

(g2) 

9.85 

0.31 

0.184808 

0.240058 

0.044365 

0.001968 

39.4 

0.89 

0.530577 

0.1 

0.053058 

0.002815 

88.65 

2.11 

1.257885 

0.1 

0.125788 

0.015823 

157.6 

2.78 

1.657308 

0.1 

0.165731 

0.027467 

246.25 

2.52 

1.502308 

0.1 

0.150231 

0.022569 

354.6 

1.83 

1.090962 

0.1 

0.109096 

0.011902 

482.65 

1.32 

0.786923 

0.1 

0.078692 

0.006192 

630.4 

0.96 

0.572308 

0.1 

0.057231 

0.003275 

797.85 

0.73 

0.435192 

0.1 

0.043519 

0.001894 

9.85 

0.57 

0.339808 

0.1 

0.033981 

0.001155 

1191.85 

0.46 

0.274231 

0.1 

0.027423 

0.000752 

f 

(Hz) 

Bar 

Joist 

V 

(g) 

Table  1 7b 

Steam  and  Condensate  Pipe  Guided  Supports 

Roof 

Truss 

V  T  aq^ 

(g)  (g) 

at-2 

9.85 

0.31 

0.184808 

0.230058 

0.042517 

0.001808 

39.4 

0.89 

0.530577 

0.1 

0.053058 

0.002815 

88.65 

2.11 

1.257885 

0.1 

0.125788 

0.015823 

157.6 

2.78 

1.657308 

0.1 

0.165731 

0.027467 

246.25 

2.52 

1.502308 

0.1 

0.150231 

0.022569 

354.6 

1.83 

1.090962 

0.1 

0.109096 

0.011902 

482.65 

1.32 

0.786923 

0.1 

0.078692 

0.006192 

630.4 

0.96 

0.572308 

0.1 

0.057231 

0.003275 

797.85 

0.73 

0.435192 

0.1 

0.043519 

0.001894 

9.85 

0.57 

0.339808 

0.1 

0.033981 

0.001155 

1191.85 

0.46 

0.274231 

0.1 

0.027423 

0.000752 
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Table  18 


Effective  Acceleration  Calculations  for  Each  Modal 
Contribution  for  Oscillating  Monitor  Fire  Protection  Pipes 


f 

(Hz) 

Bar 

Joist 

V 

(g) 

Roof 

Truss 

V 

(g) 

T 

ar 

(g) 

aT2 

(g?) 

11 

0.66 

0.4455 

0.272059 

0.121202 

0.01469 

44 

1.8 

1.215 

0.1 

0.1215 

0.014762 

99 

3.95 

2.66625 

0.1 

0.266625 

0.071089 

176 

4.91 

3.31425 

0.1 

0.331425 

0.109843 

275 

3.88 

2.619 

0.1 

0.2619 

0.068592 

396 

2.8 

1.89 

0.1 

0.189 

0.035721 

539 

1.96 

1.323 

0.1 

0.1323 

0.017503 

704 

1.43 

0.96525 

0.1 

0.096525 

0.009317 

891 

1.09 

0.73575 

0.1 

0.073575 

0.005413 

1100 

0.85 

0.57375 

0.1 

0.057375 

0.003292 

.41 


Table  19 


Effective  Acceleration  Calculations  for  Each  Modal  Contribution 
for  Equipment  Supported  by  the  W8  x  28  Beams 
That  Support  the  Heating  and  \  entilating  Unit  and  Catwalk 


Table  I9a 
HV  Unit 


T able  I9a  (cant'd) 
HV  Unit 


f 

(Hz) 


HV  Unit 

V 

(g) 


(g2) 


T 


“t  «T2 

(g)  (g2) 


f 

(Hz) 


HV  Unit 

V 

(g) 


(g2) 


T 


®T 

(g) 


(g2) 


1.047 

0.00232 

5.382E-06 

1.346284 

0.003123 

9.8E-06 

6.31 

0.08967 

0.00804071 

0.11992 

0.010753 

0.000116 

1.096 

0.00245 

6.002E-06 

1.392472 

0.003412 

0.000012 

6.607 

0.05348 

0.0028601 1 

0.108246  0.005789 

0.000034 

1.148 

0.00259 

6.708E-06 

1.447661 

0.003749 

0.000014 

6.918 

0.03545 

0.0012567 

0.1 

0.003545 

0.000013 

1.202 

0.00274 

7.508E-06 

1.51287 

0.004145 

0.000017 

7.244 

0.02521 

0.00063554 

0.1 

0.002521 

6.4E-06 

1.259 

0.0029 

8.410E-06 

1.592146 

0.004617 

0.000021 

7.586 

0.01898 

0.00036024 

0.1 

0.001898 

3.6E-06 

1.318 

0.00308 

9.486E-06 

1.688017 

0.005199 

0.000027 

7.943 

0.0174 

0.00030276 

0.1 

0.00174 

3.0E-06 

1.38 

0.00327 

0.00001069 

1.807776 

0.005911 

0.000035 

8.318 

0.01949 

0.00037986 

0.1 

0.001949 

3.8E-06 

1.445 

0.00348 

0.00001211 

1.960453 

0.006822 

0.000047 

8.71 

0.02224 

0.00049462 

0.1 

0.002224 

4.9E-06 

1.514 

0.0037 

0.00001369 

2.16362 

0.008005 

0.000064 

9.12 

0.02612 

0.00068225 

0.1 

0.002612 

6.8E-06 

1.585 

0.00395 

0.0000156 

2.43562 

0.009621 

0.000093 

9.55 

0.03221 

0.00103748 

0.1 

0.003221 

0.00001 

1.66 

0.00423 

0.00001789 

2.828965 

0.011967 

0.000143 

10 

0.04323 

0.00186883 

0.1 

0.004323 

0.000019 

1.738 

0.00453 

0.00002052 

3.432584 

0.01555 

0.000242 

10.471 

0.05501 

0.0030261 

0.1 

0.005501 

0.00003 

1.82 

0.00486 

0.00002362 

4.485907 

0.021802 

0.000475 

10.965 

0.06053 

0.00366388 

0.1 

0.006053 

0.000037 

1.905 

0.00524 

0.00002746 

6.723158 

0  035229 

0.001241 

11.482 

0.06172 

0.00380936 

0.1 

0.006172 

0.000038 

1.995 

0.00566 

0.00003204 

14.97054 

0.084733 

0.00718 

12.023 

0.06294 

0.00396144 

0.1 

0.006294 

0.00004 

2.089 

0.00614 

0.0000377 

38.42013 

0.2359 

0.055649 

12.589 

0.06418 

0.00411907 

0.1 

0.006418 

0.000041 

2.188 

0.00669 

0.00004476 

8.078557 

0.054046 

0.002921 

13.183 

0.06545 

0.0042837 

0.1 

0.006545 

0.000043 

2.291 

0.00732 

0.00005358 

4.313324 

0.031574 

0.000997 

13.804 

0.06674 

0.00445423 

0.1 

0.006674 

0.000045 

2.399 

0.00805 

0.0000648 

2.852166 

0.02296 

0.000527 

14.454 

0.06805 

0.0046308 

0.1 

0.006805 

0.000046 

2.512 

0.0089 

0.00007921 

2.079971 

0.018512 

0.000343 

15.136 

0.0694 

0.00481636 

0.1 

0.00694 

0.000048 

2.63 

0.00992 

0.00009841 

1.604851 

0.01592 

0.000253 

15.849 

0.07077 

0.00500839 

0.1 

0.007077 

0.00005 

2.754 

0.01115 

0.00012432 

1.282495 

0.0143 

0.000204 

16.596 

0.07216 

0.00520707 

0.1 

0.007216 

0.000052 

2.884 

0.01265 

0.00016002 

1.050776 

0.013292 

0.000177 

17.378 

0.07358 

0.00541402 

0.1 

0.007358 

0.000054 

3.02 

0.01451 

0.00021054 

0.877156 

0.012728 

0.000162 

18.197 

0.07503 

0.0056295 

0.1 

0.007503 

0.000056 

3.162 

0.01687 

0.0002846 

0.742948 

0.012534 

0.000157 

19.055 

0.07651 

0  00585378 

0.1 

0.007651 

0.000059 

7.311 

0.01996 

0.0003984 

0.oJ603! 

0.012695 

0.000161 

19.953 

0.07802 

0.006087 

0.1 

0.007802 

0.000061 

3.467 

0.02409 

0.00058033 

0.54936 

0.013234 

0.000175 

20.893 

0.07956 

0.00633 

0.1 

0.077956 

0.000063 

3.631 

0.02986 

0.00089162 

0.477697 

0.014264 

0.000203 

21.878 

0.08113 

0.006582 

0.1 

0.0C81 13 

0.000066 

3.802 

0.03828 

0.00146536 

0.41841 

0.016006 

0.000256 

22.909 

0.08273 

0.006844 

0.1 

0.008273 

0.000068 

3.981 

0.05142 

0.00264402 

0.367872 

0.018916 

0.000358 

23.988 

0.08436 

0.007117 

0  1 

0.008436 

0.000071 

4.074 

0.04597 

0.00211324 

0.345536 

0.015884 

0.000252 

25.119 

0.08602 

0.007399 

0.1 

0.008602 

0.000074 

4.169 

0.0559 

0.00312481 

0.324914 

0.018163 

0.00033 

26.303 

0.08772 

0.007695 

0.1 

0.008772 

0.000077 

4.266 

0.06977 

0.00486785 

0.30583 

0.021339 

0.000455 

27.542 

0.08945 

0.008001 

0.1 

0.008945 

0.00008 

4.365 

0.0901 

0.00811801 

0.288178 

0.025965 

0.000674 

28.84 

0.09121 

0.008319 

0.1 

0.009121 

0.000083 

4.467 

0.12185 

0.01484742 

0.271638 

0.033099 

0.001096 

30.2 

0.09301 

0.008651 

0.1 

0.009301 

0.000087 

4.571 

0.17617 

0.03103587 

0.25629 

0.045151 

0.002039 

31.623 

0.09485 

0.008997 

0.1 

0.009485 

0.00009 

4.677 

0.28294 

0.08005504 

0.242028 

0.068479 

0.004689 

33.113 

0.09672 

0.009355 

0.1 

0.009672 

0  000094 

4.786 

0.54194 

0.29369896 

0.228641 

0.12391 

0.01 53  M 

34.674 

0.09862 

0.009726 

0.1 

0.009862 

0.000097 

4.898 

1.0905 

1.18919025 

0.216074 

0.235629 

0.055521 

36.308 

0.10057 

0.0010114 

0.1 

0.010057 

0.000101 

5.012 

1.2147 

1.47549609 

0.204374 

0.248253 

0.06163 

38.019 

0.10255 

0.010517 

0.1 

0.010255 

0.000105 

5.129 

1.13193 

1.28126552 

0.193377 

0.218889 

0.047913 

39.811 

0.10457 

0.010935 

0.1 

0.010457 

0.000109 

5.248 

1.08801 

1.18376576 

0.183122 

0.199239 

0.039696 

41.687 

0.10663 

0.01137 

0.1 

0.010663 

0.000114 

5.37 

1.22712 

1.50582349 

0.173472 

0.212871 

0.045314 

43.652 

0.10874 

0.011824 

0.1 

0.010874 

0.000118 

5.495 

0.97652 

0.95359131 

0.16439 

0.16053 

0.02577 

45.709 

0.11088 

0.012294 

0.1 

0.01 1088 

0.000123 

5.623 

0.43151 

0.18620088 

0.155341 

0.067247 

0.004522 

47.863 

0.11307 

0.012785 

0.1 

0.011307 

0.000128 

5.754 

0.22489 

0.05057551 

0.147792 

0.033237 

0.001105 

50.119 

0.1153 

0.013294 

0.1 

0.01153 

0.000133 

6.026 

0.18152 

0.03294951 

0.133023 

0.024146 

0.000583 

52.481 

0.11-57 

0.013823 

0.1 

0.011757 

0.000138 
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Table  19  (cont’d) 


Table  I9a  (cont'd) 
HV  Unit 


f 

(Hz) 

HV  Unit 

V 

(g) 

*P|2 

<g2) 

T 

aj 

(g) 

aT2 

(g2) 

54.954 

0.11989 

0.014374 

0.1 

0.011989 

0.000144 

57.544 

0.12225 

0.014945 

0.1 

0.012225 

0.000149 

60.256 

0.12466 

0.01554 

0.1 

0.012466 

0.000155 

63.096 

0.12712 

0.016159 

0.1 

0.012712 

0.000162 

66.069 

0.12963 

0.016804 

0.1 

0.012963 

0.000168 

69.183 

0.13218 

0.017472 

0.1 

0.013218 

0.000175 

72.444 

0.13479 

0.018168 

0.1 

0.013479 

0.000182 

75.858 

0.13745 

0.018893 

0.1 

0.013745 

0.000189 

79.433 

0.14016 

0.019645 

0.1 

0.014016 

0.000196 

83.176 

0.14292 

0.020426 

0.1 

0.014292 

0.000204 

87.096 

0.14574 

0.02124 

0.1 

0.014574 

0.000212 

91.201 

0.14861 

0.022085 

0.1 

0.014861 

0.000221 

95.499 

0.15154 

0.022964 

0.1 

0.015154 

0.000023 

100 

0.15453 

0.02388 

0.1 

0.015453 

0.000239 

104.71 

0.15758 

0.024831 

0.1 

0.015758 

0.000248 

109.65 

0.16069 

0.025821 

0.1 

0.016069 

0.000258 

1 14.82 

0.16385 

0.026847 

0.1 

0.016385 

0.000268 

120.23 

0.16701 

0.027892 

0.1 

0.016701 

0.000279 

125.89 

0.16858 

0.028419 

0.1 

0.016858 

0.000284 

131.83 

0.16858 

0.028419 

0.1 

0.016858 

0.000284 

138.04 

0.16858 

0.028419 

0.1 

0.016858 

0.000284 

144.54 

0.16858 

0.028419 

0.1 

0.016858 

0.000284 

151.36 

0.16858 

0.028419 

0.1 

0.016858 

0.000284 

158.49 

0.16859 

0.028423 

0.1 

0.016858 

0.000284 

165.96 

0.16858 

0.028419 

0.1 

0.016858 

0.000284 

173.78 

0.16858 

0.028419 

0.1 

0.016858 

0.000284 

181.97 

0.16858 

0.028419 

0.1 

0.016858 

0.000284 

190.55 

0.16858 

0.028419 

0.1 

0.016858 

0.000284 

208.93 

0.16858 

0.028419 

0.1 

0.016858 

0.000284 

218.78 

0.16858 

0.028423 

0.1 

0.016858 

0.000284 

229.09 

0.16859 

0.028419 

0.1 

0.016859 

0.000284 

239.88 

0.16858 

0.028419 

0.1 

0.016858 

0.000284 

251.19 

0.16718 

0.027949 

0.1 

0.016718 

0.000279 

263.03 

0.16369 

0.026794 

0.1 

0.016369 

0.000268 

275.42 

0.15959 

0.025469 

0.1 

0.015959 

0.000255 

288.4 

0.1556 

0.024211 

0.1 

0.01556 

0.000242 

302 

0.15171 

0.023016 

0.1 

0.015171 

0.00023 

316.23 

0.14791 

0.021877 

0.1 

0.014791 

0.000219 

331.13 

0.14422 

0.020799 

0.1 

0.014422 

0.000208 

346.74 

0.14061 

0.019771 

0.1 

0.014061 

0.000198 

363.08 

0.13709 

0.018794 

0.1 

0.013709 

0.000188 

380.19 

0.13366 

0.017865 

0.1 

0.013366 

0.000179 

398.11 

0.13032 

0.016983 

0.1 

0.013032 

0.000179 

416.87 

0.12706 

0.016144 

0.1 

0.012706 

0.00017 

436.52 

0.12388 

0.015346 

0.1 

0.012388 

0.000161 

457.09 

0.1 2078 

0.014588 

0.1 

0.012078 

0.000153 

478.63 

0.11776 

0.013867 

0.1 

0.01 1776 

0.000139 

501.19 

0.11482 

0.013184 

0.1 

0.01 1482 

0.000132 

Table  I9b 

Horizontal  Steam  Supply  Attached  to  the  Catwalk 
HV  Unit  Catwalk= 


f 

(Hz) 

V 

(g) 

«pk  *  0  6 

(g). 

T 

aT 

(g) 

*T 

(g2) 

1.047 

0.00232 

0.001392 

1.269826 

0.001768 

3.1E-06 

1.096 

0.00245 

0.00147 

1.303517 

0.001916 

3.7E-06 

1.148 

0.00259 

0.001554 

1.343117 

0.002087 

4.4E-06 

1.202 

0.00274 

0.001644 

1.389005 

0.002284 

5.2E-06 

1.259 

0.0029 

0.00174 

1.443523 

0.002512 

6.3E-06 

1.318 

0.00308 

0.001848 

1.50766 

0.002786 

7.8E-06 

1.38 

0.00327 

0.001962 

1.585145 

0.0031 1 

9.7E-06 

1.445 

0.00348 

0.002088 

1.67992 

0.003508 

0.000012 

1.514 

0.0037 

0.00222 

1.799551 

0.003995 

0.000016 

1.585 

0.00395 

0.00237 

1.949128 

0.004619 

0.000021 

1.66 

0.00423 

0.002538 

2.146464 

0.005448 

0.00003 

1.738 

0.00453 

0.002718 

2.412439 

0.006557 

0.000043 

1.82 

0.00486 

0.002916 

2.793435 

0.008146 

0.000066 

1.905 

0.00524 

0.003144 

3.371139 

0.010599 

0.000112 

1.995 

0.00566 

0.003396 

4.373546 

0.014853 

0.000221 

2.089 

0.00614 

0.003684 

6.479267 

0.01 

0.00057 

2.188 

0.00669 

0.004014 

13.7684 

0.05j2b6 

0.00305 

2.291 

0.00732 

0.004392 

49.64517 

0.218042 

0.047542 

2.399 

0.00805 

0.00483 

8.613373 

0.041683 

0.001731 

2.512 

0.0089 

0.00534 

4.475127 

0.023897 

0.00571 

2.63 

0.00992 

0.005952 

2.932652 

0.017455 

0.000305 

2.754 

0.01115 

0.00669 

2.126072 

0.014223 

0.000202 

2.884 

0.01265 

0.00759 

1.632949 

0.012394 

0.000154 

3.02 

0.01451 

0.008706 

1.30208 

0.011336 

0.000129 

3.162 

0.01687 

0.010122 

1.065946 

0.01079 

0.000116 

3.311 

0.01996 

0.01 1976 

0.888844 

0.010645 

0.000113 

3.467 

0.02409 

0.014454 

0.751891 

0.010868 

0.000118 

3.631 

0.02986 

0.017916 

0.642846 

0.011517 

0.000133 

3.802 

0.03828 

0.022968 

0.554966 

0.012746 

0.000162 

3.98) 

0.05142 

0.030852 

0.482649 

0.014891 

0.000222 

4.074 

0.04597 

0.027582 

0.451045 

0.012441 

0.000155 

4.169 

0.0559 

0.003354 

0.42215 

0.014159 

0.0002 

4.266 

0.06977 

0.041862 

0.395666 

0.016568 

0.000274 

4.365 

0.0901 

0.05406 

0.371338 

0.020075 

0.000403 

4.467 

0.12185 

0.0731 1 

0.348731 

0.025496 

0.00065 

4.571 

0.17617 

0.105702 

0.327903 

0.03466 

0.001201 

4.677 

0.28294 

0.169764 

0.308677 

0.052402 

0.002746 

4.786 

0.54194 

0.325164 

0.29074 

0.094518 

0.008937 

4.898 

1.0905 

0.6543 

0.273998 

0.179277 

0.03214 

5.012 

1.2147 

0.72882 

0.258494 

0.188395 

0.035493 

5.129 

1.13193 

0.679158 

0.243994 

0.165711 

0.02746 

5.248 

1.08801 

0.652806 

0.230536 

0.150495 

0.022649 

5.37 

1.22712 

0.736272 

0.217927 

0.160453 

0.025745 

5.495 

0.97652 

0.585912 

0.206108 

0.120761 

0.014583 

5.623 

0.43151 

0.258906 

0.195025 

0.050493 

0.00255 

5.754 

0.22489 

0.134934 

0.184629 

0.024913 

0.000621 

6.026 

0.18152 

0.108912 

0.165645 

0.018041 

0.000325 

6.31 

0.08967 

0.053802 

0.148906 

0.008011 

0.000064 

6.607 

0.05348 

0.032088 

0.134071 

0.004302 

0.000019 

6.918 

0.03545 

0.02127 

0.120869 

0.002581 

6.6E-06 

7.244 

0.02521 

0.015126 

0.10908 

0.00165 

2.7E-06 

Square  Root  of  the 

Sum  of  the  Squarea  (SRSS) 

3.1153 

0.6270 
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Table  19  (cont’d) 


Table  19b  (coil'd) 

Horizontal  Steam  Supply  Attached  to  the  Catwalk 


Table  19b  (corn'd) 

Horizontal  Steam  Supply  Attached  to  the  Catwalk 


f 

(Hz) 

HV  Unit 

V 

(g) 

Catwalk= 
Opk  *  0  6 
(g) 

T 

®T 

(g) 

iT2 

(g2) 

f 

(Hz) 

HV  Unit 

V 

(g) 

Catwalk= 

Bpk  a  0.6 

(g> 

T 

aT 

(g) 

*Tj 

<g2) 

7.5r6 

0.01898 

0.011388 

0.1 

0.001139 

1.3E-06 

100 

0.15453 

0.092718 

0.1 

0.009272 

0.000086 

7.94J 

0.0174 

0.0174 

0.1 

0.001044 

1.1E-06 

104.71 

0.15758 

0.094548 

0.1 

0.009455 

0.000089 

8.318 

0.01949 

0.011694 

0.1 

0.001169 

1.4E-06 

109.65 

0.16069 

0.096414 

0.1 

0.009641 

0.000093 

8.71 

0.02224 

0.013344 

0.1 

0.001334 

1.8E-06 

114.82 

0.16385 

0.098318 

0.1 

0.009831 

0.000097 

9.12 

0.02612 

0.015672 

0.1 

0.001567 

2.5E-06 

120.93 

0.16701 

0.100206 

0.1 

0.0101021 

0.0001 

9.55 

0.03221 

0.019326 

0.1 

0.001933 

3.7E-06 

125.89 

0.16858 

0.101148 

0.1 

0.010115 

0.000102 

10 

0.04323 

0.025938 

0.1 

0.002594 

6.7E-06 

131.83 

0.16858 

0.101148 

0.1 

0.010115 

0.000102 

10.471 

0.05501 

0.033006 

0.1 

0.003301 

0.000011 

138.04 

0.16858 

0.101148 

0.1 

0.010115 

0.000102 

10.965 

0.06053 

0.036318 

0.1 

0.003632 

0.000013 

144.54 

0.16858 

0.101148 

0.1 

0.010115 

0.000102 

11.482 

0.06172 

0.037032 

0.1 

0.003703 

0.000014 

151.36 

0.16858 

0.101148 

0.1 

0.010115 

0.000102 

12.023 

0.06294 

0.037764 

0.1 

0.003776 

0.000014 

158.49 

0.16858 

0.101148 

0.1 

0.010115 

0.000102 

12.589 

0.06418 

0.038508 

0.1 

0.003851 

0.000015 

165.96 

0.16858 

0.101148 

0.1 

0.010115 

0.000102 

13.183 

0.06545 

0.03927 

0.1 

0.003927 

0.000015 

173.78 

0.16858 

0.101148 

0.1 

0.010115 

0.000102 

13.804 

0.06674 

0.040044 

0.1 

0.004004 

0.000016 

181.97 

0.16858 

0.101154 

0.1 

0.010115 

0.000102 

14.454 

0.06805 

0.04083 

0.1 

0.004088 

0.000017 

190.55 

0.16858 

0.101148 

0.1 

0.010115 

0.000102 

15.136 

0.0694 

0.04164 

0.1 

0.004164 

0.000017 

199.53 

0.16858 

0.101148 

0.1 

0.010115 

0.000102 

15.849 

0.07077 

0.042462 

0.1 

0.004246 

0.000018 

208.93 

0.16718 

0.101148 

0.1 

0.010115 

0.000102 

17.378 

0.07358 

0.044148 

0.1 

0.004415 

0.000019 

218.78 

0.16369 

0.101154 

0.1 

0.010115 

0.000102 

18.197 

0.07503 

0.045018 

0.1 

0.004502 

0.00002 

229.09 

0.15959 

0.101148 

0.1 

0.010115 

0.000102 

19.055 

0.07651 

0.015906 

0.1 

0.004591 

0.000021 

239.88 

0.1556 

0.101148 

0.1 

0.010115 

0.000102 

19.953 

0.07802 

0.046812 

0.1 

0.004681 

0.000022 

251.19 

0.15171 

0. 100308 

0.1 

0.10031 

0.000101 

20.893 

0.07956 

0.047736 

0.1 

0.004774 

0.000023 

263.03 

0.14791 

0.098214 

0.1 

0.09821 

0.000096 

21.878 

0.08113 

0.048678 

0.1 

0.004868 

0.000024 

275.42 

0.14422 

0.095754 

0.1 

0.09575 

0.000092 

22.909 

0.08273 

0.049638 

0.1 

0.004964 

0.000025 

288.4 

0.1556 

0.09336 

0.1 

0.009336 

0.000087 

23.988 

0.08436 

0.050616 

0.1 

0.005062 

0.000026 

302 

0.15171 

0.091026 

0.1 

0.009103 

0.000083 

25.119 

0.08602 

0.051612 

0.1 

0.005161 

0.000027 

316.23 

0.14791 

0.088746 

0.1 

0.008875 

0.000079 

26.303 

0.08772 

0.052632 

0.1 

0.005263 

0.000028 

331.13 

0.14422 

0.086532 

0.1 

0.008653 

0.000075 

27.542 

0.08945 

0.05367 

0.1 

0.005367 

0.000029 

346.74 

0.14061 

0.084366 

0.1 

0.008437 

0.000071 

28.84 

0.09121 

0.054726 

0.1 

0.005473 

0.00003 

363.08 

0.13709 

0.082254 

0.1 

0.008225 

0.000068 

30.2 

0.09301 

0.055806 

0.1 

0.00558! 

0.000031 

380.19 

0.13366 

0.080196 

0.1 

0.00802 

0.000064 

31.623 

0.09485 

0.056912 

0.1 

0.005691 

0.000032 

398.11 

0.13032 

0.078192 

0.1 

0.007819 

0.000061 

33.113 

0.09672 

0.058032 

0.1 

0.005803 

0.000034 

416.87 

0.12706 

0.076236 

0.1 

0.007624 

0.000058 

34.674 

0.09862 

0.059172 

0.1 

0.005917 

0.000035 

436.52 

0.12388 

0.074328 

0.1 

0.007433 

0.000055 

36.308 

0.10057 

0.060342 

0.1 

0.006034 

0.000036 

457.09 

0.12078 

0.072468 

0.1 

0.007247 

0.000053 

38.019 

0.10255 

0.06153 

0.1 

0.006153 

0.000038 

478.63 

0. 1 1 776 

0.070656 

0.1 

0.007066 

0.00005 

39.811 

0.10457 

0.062742 

0.1 

0.006274 

0.000039 

501.19 

0.11482 

0.068892 

0.1 

0.006889 

0.000047 

41.687 

0.10663 

0.063978 

0.1 

0.006398 

0.000041 

43.652 

0.10874 

0.065244 

0.1 

0.006524 

0.000043 

SRSS 

0.4867 

45.709 

0.11088 

0.066528 

0.1 

0.006653 

0.000044 

47.863 

0.11307 

0.067842 

0.1 

0.006784 

0.000046 

50.119 

0.1153 

0.06918 

0.1 

0.006918 

0.000048 

52.481 

0.11757 

0.070542 

0.1 

0.007054 

0.00005 

54.954 

0.11989 

0.071934 

0.1 

0.007193 

0.000052 

57.544 

0.12225 

0.07335 

0.1 

0.007335 

0.000054 

60.256 

0.12466 

0.074796 

0.1 

0.00748 

0.000056 

63.096 

0.12712 

0.076272 

0.1 

0.007627 

0.000058 

66.069 

0.12963 

0.077778 

0.1 

0.007778 

0.00006 

69.183 

0.13218 

0.079308 

0.1 

0.007931 

0.000063 

72  444 

0.13479 

0.080874 

0.1 

0.008087 

0.000065 

75.858 

0.13745 

0.08247 

0.1 

0.008247 

0.000068 

79.433 

0.14016 

0.084096 

0.1 

0.00841 

0.000071 

83.176 

0.14292 

0.085752 

0.1 

0.008575 

0.000074 

87.096 

0.14574 

0.087444 

0.1 

0.008744 

0.000076 

91.201 

0.14861 

0.089166 

0.1 

0.008917 

0.00008 

95.499 

0.15154 

0.090924 

0.1 

0.009092 

0.000083 
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Table  19  (cont'd) 


Table  I9c  Table  I9cb  (cont'd) 

Hot  Water  and  Heating  Pipes  Attached  to  the  Catwalk  Hot  Water  and  Heating  Pipes  Attached  to  the  Catwalk 


f 

(Hz) 

HV  Unit 

V 

(g) 

Catwalk= 

V  x  06 
(g) 

T 

*T 

i g) 

(g2) 

f 

(Hz) 

HV  Unit 

V 

(g) 

Catwalk= 

v x  06 

(g) 

T 

“T 

(g) 

<g2) 

1.047 

0.00232 

0.001392 

1.125247 

0.001566 

2.5E-06 

9.55 

0.03221 

0.019326 

0.121112 

0.002341 

5.5E-06 

1.096 

0.00245 

0.00147 

1.138911 

0.001674 

2.8E-06 

10 

0.04323 

0.025938 

0.109298 

0.002835 

8.0E-06 

1.148 

0.00259 

0.001554 

1.154489 

0.001794 

3.2E-06 

10.471 

0.05501 

0.033006 

0.1 

0.003301 

0.000011 

1.202 

0.00274 

0.001644 

1.171922 

0.001927 

3.7E-06 

10.965 

0.06053 

0.03618 

0.1 

0.003632 

0.000013 

1.259 

0.0029 

0.00174 

1.191815 

0.002074 

4.3E-06 

11.482 

0.06172 

0.037032 

0.1 

0.003703 

0.000014 

1.318 

0.00308 

0.001848 

1.214154 

0.002244 

5.0E-06 

12.023 

0.06294 

0.037764 

0.1 

0.003776 

0.000014 

1.38 

0.00327 

0.001962 

1.239719 

0.002432 

5.9E-06 

12.589 

0.06418 

0.038508 

0.1 

0.003851 

0.000015 

1.445 

0.00348 

0.002088 

1.269051 

0.00265 

7.0E-06 

13.183 

0.06545 

0.03927 

0.1 

0.003927 

0.000015 

1.514 

0.0037 

0.002222 

1.303339 

0.002893 

8.4E-06 

13.804 

0.06674 

0.040044 

0.1 

0.004004 

0.000016 

1.585 

0.00395 

0.00237 

1.342426 

0.003182 

0.00001 

14.454 

0.06805 

0.04083 

0.1 

0.004083 

0.000017 

1.66 

0.00423 

0.002538 

1.388484 

0.003524 

0.000012 

15.136 

0.0694 

0.04164 

0.1 

0.004164 

0.000017 

1.738 

0.00453 

0.002718 

1.442377 

0.00392 

0.000015 

15.849 

0.07077 

0.042462 

0.1 

0.004246 

0.000018 

1.82 

0.00486 

0.002916 

1.506754 

0.004394 

0.000019 

16.596 

0.07216 

0.043296 

0.1 

0.00433 

0.000019 

1.905 

0.00524 

0.003144 

1.583451 

0.004978 

0.000025 

17.378 

0.07358 

0.044148 

0.1 

0.004415 

0.000019 

1.995 

0.00566 

0.003396 

1.678144 

0.005699 

0.000032 

18.197 

0.07503 

0.045018 

0.1 

0.004502 

0.00002 

2.089 

0.00614 

0.003684 

1.795585 

0.006615 

0.000044 

19.055 

0.07651 

0.045906 

0.1 

0.004591 

0.000021 

2.188 

0.00669 

0.004014 

1.94577 

0.00781 

0.000061 

19.953 

0.07802 

0.046812 

0.1 

0.004681 

0.000022 

2.291 

0.00732 

0.004392 

2.140862 

0.009403 

0.000088 

20.893 

0.07956 

0.047736 

0.1 

0.004774 

0.000023 

2.399 

0.00805 

0.00483 

2.405674 

0.011619 

0.000135 

21.878 

0.08113 

0.048678 

0.1 

0.004868 

0.000024 

2.512 

0.0089 

0.00534 

2.782761 

0.01486 

0.000221 

22.909 

0.08273 

0.049638 

0.1 

0.004964 

0.000025 

2.63 

0.00992 

0.005952 

3.358228 

0.019988 

0.0004 

23.988 

0.08436 

0.050616 

0.1 

0.005062 

0.000026 

2.754 

0.01115 

0.00669 

4.347098 

0.029082 

0.000846 

25.119 

C.08602 

0.051612 

0.1 

0.005161 

0. 000027 

2.884 

0.01265 

0.00759 

6.421654 

0.04874 

0.002376 

26.303 

0.08772 

0.052632 

0.1 

0.005263 

0.000028 

3.02 

0.01451 

0.008706 

13.41402 

0.116782 

0.013638 

27.542 

0.08945 

0.05367 

0.1 

0.005367 

0.005367 

3.162 

0.01687 

0.010122 

54.82281 

0.554917 

0.307932 

28.84 

0.09121 

0.054726 

0.1 

0.005473 

0.00003 

3.311 

0.019% 

0.01 1976 

8.801083 

0.105402 

0.01 1 1 

30.2 

0.09301 

0.055806 

0.1 

0.005581 

0.000031 

3.467 

0.02409 

0.014454 

4.529715 

0.065472 

0.004287 

31.623 

0.09485 

0.05691 

0.1 

0.005691 

0.000032 

3.631 

0.02986 

0.017916 

2.950947 

0.052869 

0.002795 

33.113 

0.09672 

0.058032 

0.1 

0.005803 

0.000034 

3.802 

0.03828 

0.022968 

2.137292 

0.049089 

0.00241 

34.674 

0.09862 

0.059172 

0.1 

0.005917 

0.000035 

3.981 

0.05142 

0.030852 

1.641224 

0.050635 

0.002564 

36.308 

0.10057 

0.060342 

0.1 

0.006034 

0.000036 

4.074 

0.04597 

0.027582 

1.459114 

0.040245 

0.00162 

38.019 

0.10255 

0.06153 

0.1 

0.006153 

0.000038 

4.169 

0.0559 

0.03354 

1.307457 

0.043852 

0.001923 

39.811 

0.10457 

0.062742 

0.1 

0.006274 

0.000039 

4.266 

0.06977 

0.041862 

1.179378 

0.049371 

0.002438 

41.687 

0.10663 

0.063978 

0.1 

0.006398 

0.000041 

4.365 

0.0901 

0.05406 

1.069921 

0.05784 

0.003345 

43.652 

0.10874 

0.065244 

0.1 

0.006524 

0.000043 

4.467 

0.12185 

0.07311 

0.974562 

0.07125 

0.005077 

45.709 

0.11088 

0.066528 

0.1 

0.006653 

0.000044 

4.571 

0.17617 

0.105702 

0.105702 

0.891644 

0.094249 

47.863 

0.11307 

0.067842 

0.1 

0.006784 

0.000046 

4.677 

0.2894 

0.169764 

0.818973 

0.139032 

0.01933 

50.119 

0.1153 

0.06918 

0.1 

0.006918 

0.000048 

4.786 

0.54194 

0.325164 

0.754288 

0.245267 

0.060156 

52.481 

0.11757 

0.070542 

0.1 

0.007054 

0.00005 

4.898 

1.0905 

0.6543 

0.696447 

0.455686 

0.207649 

54.954 

0.11989 

0.071934 

0.1 

0.007193 

0.000052 

5.012 

1.2147 

0.72882 

0.644934 

0.470041 

0.220939 

57.544 

0.12225 

0.07335 

0.1 

0.007335 

0.000054 

5.129 

1.13193 

0.679158 

0.598447 

0.40644 

0.165193 

60.256 

0.12466 

0.074796 

01 

0.00748 

0.000056 

5.248 

1.08801 

0.652806 

0.556685 

0.363407 

0.132065 

63.096 

0.12712 

0.076272 

0.1 

0.007627 

0.000058 

5.37 

1.22712 

0.736272 

0.518713 

0.381914 

0.145858 

66.069 

0.12963 

0.077778 

0.1 

0.007778 

0.00006 

5.495 

0.97652 

0.585912 

0.484094 

0.283637 

0.08045 

69.183 

0.13218 

0.079308 

0.1 

0.007931 

0.000063 

5.623 

0.43151 

0.258906 

0.452453 

0.117143 

0.013722 

72.444 

0.13479 

0.080874 

0.1 

0.008087 

0.000065 

5.754 

0.22489 

0.134934 

0.423466 

0.05714 

0.003265 

75.858 

0.13745 

0.08247 

0.1 

0.008247 

0.000068 

6.026 

0.18152 

0.108912 

0.372203 

0.040537 

0.001643 

79.433 

0.14016 

0.084096 

0.1 

0.00841 

0.000071 

6.31 

0.08967 

0.053802 

0.328697 

0.017685 

0.000313 

83.176 

0.14292 

0.085752 

0.1 

0.008575 

0.000074 

6.607 

0.05348 

0.032088 

0.2914 

0.00935 

0.000087 

87.096 

0.14574 

0.087444 

0.1 

0.008744 

0.000076 

6.918 

0.03545 

0.02127 

0.25916 

0.005512 

0.00003 

91.201 

0.14861 

0.89166 

0.1 

0.008917 

0.00008 

7.244 

0.02521 

0.015126 

0.231097 

0.003496 

0.00012 

95.499 

0.15154 

0.09024 

0.1 

0.009092 

0.00008? 

7.586 

0.01898 

0.011388 

0.20653 

0.002352 

5.5E-06 

100 

0.15453 

0092718 

01 

0.009272 

0.000086 

7.943 

0.0174 

0.01044 

0.18503 

0.001932 

3.7E-06 

104.71 

0.15758 

0.094548 

0.1 

0.009455 

0.000089 

8.318 

0.01949 

0.011694 

0.166022 

0.001941 

3.8E-06 

109.65 

0.16069 

0.096414 

0.1 

0.009641 

0.000093 

8.71 

0.0224 

0.13344 

0.14924 

0.001991 

4.0E-06 

114.82 

0.16385 

0.09831 

0.1 

0.009831 

0.000097 

9.12 

0.02612 

0.015672 

0.134367 

0.002106 

4.4E-06 

120.23 

0.16701 

0.100206 

0.1 

0.010021 

0.0001 
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Table  19  (coat’d) 


Table  19c  (ccnt’d) 

Hot  Water  and  Heating  Pipes  Attached  to  the  Catwalk 


f 

(Hz) 

HV  Unit 

V 

(8) 

Catwalk= 
V  *  0.6 
(g) 

T 

*T 

<g) 

“rj 

(g2) 

125.89 

0.16858 

0.101148 

0.1 

0.010115 

0.000102 

131.83 

0.16858 

0.101148 

0.1 

0.0115 

0.000102 

138.04 

0.16858 

0.101148 

0.1 

0.010115 

0.000102 

144.54 

0.16858 

0.101148 

0.1 

0.010115 

0.000102 

151.36 

0.16858 

0.101148 

0.1 

0.010115 

0.000102 

158.49 

<•  16858 

0.101148 

0.1 

0.010115 

0.000102 

165.% 

0.16858 

0.101148 

0.1 

0.010115 

0.000102 

173.78 

0.16858 

0.I0II48 

0.1 

0.010115 

0.000102 

181.97 

0.16858 

0.101148 

0.1 

0.010115 

0.000102 

190.55 

0.16858 

0.101148 

0.1 

0.010115 

0.000102 

199.53 

0.16858 

0.101148 

0.1 

0.010115 

0.000102 

208.93 

0.16858 

0.101148 

0.1 

0.010115 

0.000102 

218.78 

0.16859 

0.101154 

0.1 

0.010115 

0.000102 

229.09 

0.16858 

0.101148 

0.1 

0.010115 

0.000102 

239.88 

0.16858 

0.101148 

0.1 

0.010115 

0.000102 

251.19 

0.16718 

0.100308 

0.1 

0.020031 

0.000101 

263.03 

0.16369 

0.098214 

0.1 

0.009821 

0.000096 

275.42 

0.15959 

0.095754 

0.1 

0.009575 

0.000092 

288.4 

0.1556 

0.09336 

0.1 

0.009336 

0.000087 

302 

0.15171 

0.091026 

0.1 

0.009103 

0.000083 

316.23 

0.14791 

0.088746 

0.1 

0.008875 

0.000079 

331.13 

0.14422 

0.086532 

0.1 

0.008653 

0.000075 

346.74 

0.14061 

0.084366 

0.1 

0.008437 

0.000071 

363.08 

0.13709 

0.082254 

0.1 

0.008225 

0.000068 

380.19 

0.13366 

0.080196 

0.1 

0.00802 

0.000064 

398.11 

0.13032 

0.078192 

0.1 

0.007819 

0.000061 

416.87 

0.12706 

0.076236 

0.1 

0.007624 

0.000058 

436.52 

0.12388 

0.074328 

0.1 

0.007433 

0.000055 

457.09 

0.12078 

0.072468 

0.1 

0.007247 

0.000053 

478.63 

0.11776 

0.070656 

0.1 

0.007066 

0.00005 

501.19 

0.11482 

0.068892 

0.1 

0.006889 

0.00047 

SRSS 

1.1950 
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APPENDIX  J:  Qualification  of  Alternate  Isolators 


Several  special  cases  of  Amber/Booth  isolators  that  exceed  the  maximum  stiffeness  requirements 
of  Table  22a  through  22c,  have  been  evaluated  to  determine  if  they  are  acceptable  substitutes  for  those 
meeting  these  requirements.  Exceeding  the  maximum  stiffness  requirement  means  that  the  transmissibility 
will  increase,  which  will  in  turn  increase  the  effective  vertical  and  horizontal  load  in  the  isolators.  This 
increased  load  is  normally  very  small.  What  follows  is  the  discussion  related  to  each  special  case. 


Horizontal  Wind  Braces 

The  Amber/Booth  BSA-2-1600  isolator  is  being  used  as  a  E  isolator  to  support  the  horizontal  wind 
braces.  In  Table  22a,  for  a  transmissibility  of  0.20  the  maximum  stiffness  is  797  lb/in,  but  the  stiffness 
of  the  BSA-2-1600  isolator  is  800  lb/in.  This  difference  is  of  course  negligible,  but  as  a  check  the  impact 
of  the  greater  stiffness  was  evaluated  by  assuming  a  greater  transmissibility  of  0.23,  which  increases  the 
maximum  acceptable  stiffness  to  894  lb/in,  which  is  well  beyond  the  800  Ib/in  needed  for  this  isolator. 
This  increase  in  transimissibility  only  increases  the  maximum  vertical  isolated  load  by  1  lb  to  1409  lb. 
The  increased  load  is  well  below  the  capacity  of  the  isolator  and  the  load  on  the  supporting  bar  joist  is 
also  only  increase  by  1  lb.  Therefore  the  BSA-2-1600  isolator  is  acceptable  as  a  E  isolator.  Table  22a 
summarizes  these  calculations  for  the  worst  case  of  the  isolator  being  attached  to  three  bar  joists,  such  that 
the  mass  loading  benifits  are  minimized. 


4  in.  Horizontal  Steam  Supply  Pipe 

The  Amber/Booth  SW-2-250  isolator  is  being  used  where  there  should  be  a  J  isolator  to  support  the 
four  in.  horizontal  steam  supply  pipe  to  a  bar  joist  at  the  roof.  In  Table  22a,  for  a  transmissibility  of  0.20 
the  maximum  acceptable  stiffness  is  74  lb/in,  but  the  stiffness  of  the  SW-2-250  isolator  is  125  Ib/in.  The 
transmissibility  will  increase  to  0.39  for  the  125  lb/in  isolator.  This  increased  in  transmissiblity  will 
increase  the  maximum  vertical  isolated  load  by  only  1  lb  to  102  lb.  The  inceased  load  is  well  below  the 
250  lb  capacity  of  the  isolator  and  will  only  increase  the  load  on  the  supporting  bar  joist  by  lib. 
Therefore  the  SW-2-250  isolator  is  acceptable  for  supporting  this  pipe.  Table  22a  summarizes  these 
calculations. 


4  in.  Fire  Protection  Oscillating  Monitor  Pipe 

The  four  in.  fire  protection  ossilating  monitor  pipe  should  be  supported  with  the  I  isolator  which 
has  a  maximum  stiffness  of  134  lb/in.  This  pipe  is  being  supported  with  a  Amber/Booth  SW- 1-300 
isolator  that  has  a  stiffness  of  300  lb/in.  The  minimum  weight  per  isolator  is  65  lb  at  the  location  just 
before  the  pipe  drops  down  to  the  oscillating  monior  at  the  floor  of  the  building.  The  SW- 1-300  is 
unacceptable  at  this  location.  At  all  other  support  locations  the  minimum  weight  per  isolator  is  85  lb. 
For  this  minimum  load  the  transmissibility  becomes  0.40,  and  the  maximum  vertical  isolated  load 
increases  by  4  lb  to  234  lb,  well  below  the  300  lb  capacity  of  the  isolator.  For  the  support  location  where 
the  pipe  drops  down  to  the  monitor  at  the  floor  a  50  lb  weight  should  be  added  to  the  pipe  to  increase  the 
weight  per  isolator  by  25  lb,  thus  bringing  the  weight  per  isolator  to  90  lb.  With  this  additional  weight 
the  load  per  isolator  now  falls  within  the  85  lb  minimum  requirement  at  all  locations  and  the  SW- 1-300 
becomes  acceptable  for  supporting  this  pipe  at  all  locations.  Table  22b  summarizes  these  calculations. 
The  minimum  support  spacing  requirements  used  to  determine  the  weight  per  isolator  must  be  followed 
as  discussed  in  Chapter  8  of  this  report. 
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Fire  Protection  Beacon  Light 


Amber/Booth  BSA-1-25  isolators  are  being  used  as  C  isolators  to  support  the  Fire  protection  beacon 
lights.  For  a  transmissibility  of  0.36  the  maximum  acceptable  stiffness  is  23  lb/in,  but  the  stiffness  of  the 
BSA-1-25  isolator  is  25  Ib/in.  This  will  increase  the  transmissibility  to  0.40,  does  not  increase  the 
maximum  vertical  isolated  load.  This  load  remains  21  lb  which  is  below  the  25  lb  isolator  capacity. 
Therefore  the  BSA-1-25  isolator  is  acceptable  for  supporting  this  light.  Table  22b  summarizes  these 
calculations. 


Exhaust  Fan  Number  6  Horizontal  Ductwork 

Chapter  8  specifies  the  isolators  that  should  be  installed  for  the  isolation  of  HV  ductwork.  As 
described  in  that  Chapter  8  the  horizontal  ductwork  in  the  roof  truss  area  that  exhausts  fans  5,  6,  7,  8,  9, 
15,  16,  17, 18,  and  19  requires  a  I  isolator,  at  those  locations  supported  to  a  bar  joist  as  indicated  in  Table 
I3c  to  I3k.  However  an  H  isolator  has  been  installed  for  supporting  the  duct  for  Exhaust  Fan  6  to  the  bar 
joist.  This  is  a  larger  isolator  with  a  greater  stiffness  than  the  recommended  1  isolators  and  thus  this 
installation  must  be  evaluated  here.  The  specific  isolator  installed  is  a  Amber/Booth  SW-2-500  which  has 
a  stiffness  of  250  lb/in.  At  this  location  the  calculated  weight  per  isolator  is  1 17  lb  as  shown  in  Table 
I3g.  For  the  purpose  of  this  analysis  a  minimum  weight  of  105  lb  and  maximum  of  130  lb  per  isolators 
was  used.  A  transmissibility  of  0.39  results  in  a  maximum  allowable  stiffness  of  292  lb  and  a  maximum 
vertical  isolated  load  of  179  lb.  These  calculations  are  summarized  in  Table  22a.  The  SW-2-500  with 
a  stiffness  of  250  lb  falls  below  the  292  lb/in  requirement,  and  it  has  a  capacity  of  540  lb  which  of  course 
is  well  beyond  the  179  lb  applied  load.  Therefore  this  isolator  is  acceptable,  even  though  it  is  larger  than 
the  appropriate  isolator. 
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